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ABSTRACT
THEORETICAL AND EXPERIMENTAL ISSUES IN
THE DEFORMATION OF ELASTOMERS
AND
ENVIRONMENTAL STRESS CRACKING
SEPTEMBER 2002
ARUN RAMAN, B.TECH., INDIAN INSTITUTE OF TECHNOLOGY MADRAS,
INDIA
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Richard J. Farris
A novel process for discontinuous deformation in perfectly elastic materials is
established in the first part of this two-part thesis. A discontinuous deformation for an
elastic material will involve a "jump" in stretch from one state to another. In such a
process, it is established that the work per unit volume of the elastomer required to
perform the stretch will be greater than the corresponding area under the stress-strain
curve for loading and will depend only upon the end states of deformation. The important
implication of this analysis is that a cyclic process of discontinuous deformation will
involve heat build-up and dissipation due to a difference between the work required to
stretch and the work recovered on contraction. Experimental demonstrations indicate a
large amount of heat build-up in a rubber belt that is subjected to cyclic deformation
involving discontinuities. Elastomers have tremendous strain energy potential. However,
in order to utilize this potential, losses associated with discontinuities should be
minimized. This research sheds light on how that can be achieved by performing the
stretch and the contraction process in as many small steps as possible.
Vll
The second part of this thesis describes efforts to understand the phenomenon of
environmental stress cracking (ESC) in polycarbonate. Environmental stress crazing or
cracking is the failure of inherently ductile polymers under the combined effects of
stresses and solvent environments. Polycarbonate is studied under a variety of
environmental conditions in this research. Thermodynamics of the system, effects of
residual latent energy and orientation in the polymer, tendency of the environmental
agent to swell the polymer and the nature of morphological damage are some of the
effects characterized. Interestingly, the formation of micro-cracks rather than crazes is
observed in the systems studied. Under commensurate exposure conditions over different
stress states, it appears that the component of stress normal to the direction of cracks
determines the crack patterns. Constant hydrostatic stress, as predicted by the modified
Flory-Huggins equation, is not observed to have an influence. Experimental findings
indicate that ESC is a stochastic process, influenced by a surface flaw induced
mechanism.
viii
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CHAPTER 1
OVERVIEW - ELASTOMER DEFORMATION
1.1 Background
Elastomers are used extensively for their physical and mechanical properties. This
is because of the ability of these materials to undergo large amounts of stretch. Simple
calculations indicate that it takes less than a hundred pounds of rubber to contain the
kinetic energy of a large automobile moving at approximately 60Mph. Elastomers can be
used as the working substances in applications such as regenerative brake devices. In a
regenerative brake device, the kinetic energy of the automobile or machine that is being
braked is used to stretch an elastomer and is therefore stored as strain energy potential in
the elastomer. Subsequently, when the machine or the automobile is started back from
rest, this strain energy is used, either partially or completely, to provide some of the
energy to propel the device. An important aspect associated with being able to recover
maximum energy from the stretched elastomer will be to package the elastomer
efficiently. The focus of this research will be to establish that inefficient packaging can
lead to losses and inefficient energy recovery from the elastomer. It will be established
that if the process of deforming the elastomer involves discontinuous "jump" deformation
from one state of stretch to another, then the work associated with the deformation will be
very different from that associated with a continuous process of deformation between the
same two stretch states. In order to achieve efficient energy delivery from elastomers, it
will be presented that minimizing such discontinuities appear favorable.
The concept of discontinuous deformation in an elastomer will be shown to be
thermodynamically analogous to the concept of "free" expansion in an ideal gas.
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Elastomers possess gas-like thermodynamic properties. This gas-like or entropic
thermodynamic behavior is unique to long chain polymeric materials and discrete
particulate matter such as gases whose behavior is not governed by internal energy but by
statistical or entropic considerations. The unique physical and mechanical properties of
elastomers, due to their large extensibilities, have been utilized in a number of
applications. The thermodynamic properties though, have hardly been utilized.
Interestingly, gases are used more for their thermodynamic properties than for any other
properties. In fact, gas thermodynamic cyclic processes form the basis for heat engines
and heat pumps. An important feature associated with gas expansion is that the work
associated with the expansion or contraction process is dependent on the manner of
expansion or contraction. 1 In a reversible process of gas expansion, the work that is
obtained or recovered on expansion or equivalently in a reversible process of gas
compression, the work that needs to be done to compress, is the corresponding area under
the pressure-volume curve for the gas. This however is true only for a reversible process.
In a reversible process, the gas is in equilibrium at every stage of the expansion or
contraction process. For an irreversible process of gas expansion, where the gas is not in
a state of equilibrium during each stage of the expansion process, the work that is
obtained is not the area under the pressure-volume curve but instead depends only on the
pressure and volume of the gas at the end states. This is well established and is a
consequence of the process being sudden and instantaneous and not one where
reversibility or equilibrium is maintained. The discontinuous deformation process in
elastomers, which is studied in this research, is a similar process of non-equilibrium
deformation. The non-equilibrium aspect of the deformation arises due to a sudden or
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discontinuous jump in the process of deformation. The need for understanding such a
process of discontinuous deformation in the elastomer arises due to the fact that the
manner in which an elastomer is deformed or packaged plays an important role behind its
efficient use as an energy delivery device and also in determining the amount of work
associated with the material deformation that is dissipated as heat.
1 .2 Motivation
The motivation for this research lies in a need to understand the work associated
with the process of deformation in an elastic material. Knowledge of the process of
elastomer deformation will be very useful in utilizing this class of materials to their
maximum extent in various applications. If there are discontinuities associated with
deforming an elastic material, then, theoretically, the work associated with the
deformation will be shown to be influenced strongly. Some of these theoretical
predictions are examined further and demonstrated experimentally. This research also
presents the utility of the theoretical and experimental findings towards numerous energy
dissipative and energy delivery applications involving elastomers.
1 .3 Dissertation Overview (Chapters 2-5)
This provides an overview of chapters 2 to 5 of this thesis which describe the
research on elastomer deformation.
Chapter 2 will introduce the deformation problem and establish the theory
associated with a process of discontinuous deformation in an elastic material. The theory
will be developed for a discontinuous stretch as well as for a discontinuous contraction
process and extended to a cyclic process with alternating stretch and contraction. A novel
3
mechanism for heat build-up and dissipation will be established due to such a cyclic
process. It can be observed that by modifying the process of stretch and contraction by
using several steps and thereby reducing the discontinuity in deformation, dissipation can
be minimized and this will be important for efficient energy delivery.
Chapter 3 experimentally explores the phenomenon of dissipation due to the
cyclic process of discontinuous deformation. This chapter describes the experimental
apparatus and the experiments used to demonstrate the heat build-up predictions from the
theory developed in chapter 2. Experiments are performed using high-quality rubber belts
that are subjected to cyclic deformation. The experiments are performed over varying
conditions of stretch, surface properties and power input. The correlation between
theoretical predictions and experimental measurements is presented. This chapter also
touches on a failed attempt that was focused on developing a heat engine with a
thermoplastic poly(urethane-urea) elastomer as the working substance, based on the
principle of discontinuous deformation of the elastomer.
Chapter 4 enunciates the numerous applications that can be brought out even from
the concept of dissipation. This chapter also discusses potential energy delivery
applications, other than regenerative brake devices. Dissipative applications include non-
friction brakes, tension controllers, torque converters and alternatives to differential gears
in automobiles. Applications as energy delivery devices include regenerative brake
devices and mechanical energy batteries. The theory behind how such applications can be
utilized is discussed.
Chapter 5 summarizes the conclusions from this part of the research and discusses
future directions.
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CHAPTER 2
DISCONTINUOUS DEFORMATION OF ELASTOMERS - THEORY
2.1 Background
R
Figure 2.1 - Schematic of a concentric pulley-elastomer strip system
Consider the device shown in figure 2.1-1 and 2 are concentric pulleys and a
pre-stretched elastomer strip goes from one pulley to the other. The elastomer strip is not
a closed belt. It is a long strip and is spooled on both the pulleys. One end of the strip is
in the spool on the smaller pulley. The other end of the elastomer strip is in the spool on
the larger pulley. When the system rotates, the elastomer strip goes from one pulley to the
other. When the rotation is in a clock-wise manner, the elastomer goes from the smaller
pulley and gets wound onto the larger pulley. During this process of rotation it undergoes
a stretch, from a low energy state to a high energy state. Work has to be supplied
externally in order to perform such a rotation process, since it involves a transformation
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for the elastomer from a low state of stretch to a high state of stretch. After such a
stretching process is performed, whereby the elastomer gets to a higher state of stretch, in
a counter-clockwise rotation of the pulleys, the elastomer strip will move from the larger
pulley to the smaller pulley. In this process, the elastomer goes from a higher state of
stretch to a lower state of stretch and work is recovered by the surroundings.
Experimental measurements were performed during the stretching and recovery
processes. It was observed that the work that was utilized in order to perform the stretch
was always much greater than the work that was recovered during the contraction
process. In other words, when the pulleys were wound in a clock-wise manner, a large
amount of work had to be performed. It was assumed this gets stored as strain energy
potential in the elastomer. On recovery, however, much less work was recovered. This
was true even for highly elastic open ended rubber belts or strips which had been
conditioned over several loading-unloading cycles. There was a large difference between
the work required to stretch and the work recovered on contraction of the elastomer. This
loss was not due to viscoelastic hysteresis, as the materials tested exhibited little
viscoelasticity. The focus of the next section is to examine this behavior further and
develop a theoretical model to understand the deformation process involved in this
system, one that can explain this discrepancy between the work supplied to stretch and
the work recovered from contraction.
2.2 Developing the Theory
In looking at the schematic for the concentric pulley system shown in figure 2.1,
on closer examination, it appears that for a clockwise rotation of the system, the
elastomer strip will undergo a stretch almost instantly at the point where it leaves the
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smaller pulley. On rotation, both the small and large pulleys will possess the same
angular velocity but different linear velocities. On the smaller pulley, the strip is in
contact with the small pulley and will possess the same linear velocity as the small
pulley. However, at the point P, where the strip leaves the pulley, it will become instantly
free. There is no normal force acting on the strip after it loses contact with the smaller
pulley and almost instantly the strip will begin to possess the greater linear velocity of the
larger pulley that it now gets wound onto. This will result in a stretch for the elastomer at
the point P. Since there are only two pulleys in the system, there will effectively be only
two states of stretch in the system. The elastomer strip can, therefore, be expected to
undergo an instant jump or discontinuity in the stretch at the point P, from the lower state
of stretch to the higher state of stretch. The mechanics associated with this process of
discontinuous deformation will now be studied. The discontinuous deformation process
will also be referred to sometimes hereon as free deformation or jump deformation.
2.2.1 Discontinuous Stretch
In figure 2.2, the concentric pulleys 1 and 2 are of radii r and R, respectively. The
long elastomer strip or belt extends from 1 to 2. Both the pulleys rotate clockwise at a
constant angular velocity of co. The elastomer strip is pre-stretched on the smaller pulley
at an elongation of h- On rotation, the elastomer strip is stretched to a higher elongation
of X2 . The discontinuous jump in stretch that occurs at P will be different from a
continuous stretch between X] and X2 . In a continuous stretching process, the elastomer
will be in quasi-static equilibrium during the stretching process and will traverse through
the entire stress-strain curve between h and X2 . In a discontinuous process the stretch
will be instant and there will only be two states of stretch in the system, h and X2 .
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By definition, h = Lj/Lq and X2 = L2/L0 where L, and L 2 are the lengths in the
respective stretched states. A0 is the initial cross-sectional area of the rubber belt for an
undeformed length L0 . The mass rate of rubber is constant between the two pulleys at
steady state and so from a mass balance,
pirwAi = p2RcoA2 (2.1)
where pi and Aj are the density and area of cross-section respectively for the rubber belt
at elongation ^ (i-1,2). The linear density for the rubber, defined as the mass per unit
length is given as,
5| = (piLiAi)/Li = PiAi (2.2)
R
Figure 2.2 - Jump stretch of elastomer strip from the smaller pulley (elongation X\) to the
larger pulley (elongation A,2 )
Irrespective of the length, for a given amount of material since the mass is constant,
PiLjAj = constant,
i.e. (piAi/p2A2) = L2/L, = X2/h (2 -3 )
X
Substituting back into equation 2.1 leads to rX2 = RX U
i.e. r/R = X\IX2 (2.4)
Equation 2.4 indicates that the ratio of the elongation values will be equal to the ratio of
the corresponding pulley radii. From a torque analysis, the torque required to wind from
A.i to X2 is,
Ti = <r 2 A 2(R-r) (2.5)
where <r
2
is the true stress at X2 . In terms of the engineering stress a2 ,
T, = a2A0(R-r) (2.6)
Consider Li, the length of the rubber belt at the smaller elongation X\, as the length
corresponding to one turn of the smaller pulley. Then L| = 2nr. The work done in
stretching this to the higher elongation X2 is,
W, = Ti .2ti = a2A0(R-r).27r (2.7)
Since X\ = Lj/Lo = 27ir/L 0 , 2n = A.|L0/r. Substituting in equation 2.7,
Wi = CT2(AoLo)(R/r-l)X,
= cy2(V0)(?i2/^i-l)^i
i.e. W,/Vo = a2(X2-X\) (2.8)
This is the work required per unit volume of elastomer wound on the smaller pulley at a
lower elongation, in stretching it to the higher elongation for a single turn. On an
engineering stress-elongation curve for a typical rubber, this is the area as shown in
figure 2.3. It is independent of the path of the stress-elongation curve and depends only
on the end-points. This is to be contrasted with a continuous process of stretch between
X\ and X2 . In a continuous stretch, the work required per unit volume to stretch the
elastomer will be the corresponding area under the stress-elongation or the stress-strain
curve between h and X2 . The area in figure 2.3 is considerably greater than just the area
under the stress-elongation curve between X\ and X2 . Therefore, because of the
discontinuous or jump extension of the elastomer, more work will be required to stretch
the material than has been conventionally believed as the maximum required.
Figure 2.3 - Typical stress-strain curve for an elastomer indicating the work required per
unit volume of elastomer in order to perform a discontinuous stretch between X\ and X2
2.2.2 Discontinuous Contraction
Discontinuous contraction in the elastomer will occur during a counter clock-wise
rotation of the pulleys. From figure 2.4 it is seen that in the contraction process the jump
from the higher elongation to the lower elongation will occur at the point Q where the
elastomer strip leaves the larger pulley. The torque required to unwind is,
2
T2 = ff,A,(r-R) (2.9)
where <r, is the true stress at X\. In terms of the engineering stress cji,
T2 = G,A0(r-R) (2.10)
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In this case, consider L 2 , the length of the material at the higher elongation X2 , as the
length corresponding to unit turn of the larger pulley. Then L2 = 2ttR. The work required
to contract this to the lower elongation is,
W2 = T2 .2tt = aiA0(r-R).27r (2.11)
Since X2 = L2/L 0 = 2nRJL0 , for the contraction process, 2n = X2L0/R. Substituting in
equation 2.11,
W2 = a,(A0L0)(r/R-l)^2
= ai(V 0)(^2-l)^2
i.e. W2/V 0 = -Gi(k2-h) (2.12)
This is the work that is required to contract, in other words G\(X2-X\) is the work that will
be recovered per unit volume of the elastomer that is contracted from the higher
elongation to the lower for a single turn. This is the area as shown in figure 2.5. This is
smaller than the area under the stress-elongation curve between X\ and X2 . This is also
significantly smaller than the area shown in figure 2.3, i.e. the work per unit volume that
is required to perform the jump stretch.
2.3 Discussion
From the theoretical analysis above, it is apparent that the work that is required to
perform the stretching operation will be significantly more than what can be recovered
from the contraction process. This difference occurs due to the discontinuities in
deformation. The implication of that lies in the fact that the concentric pulley-elastomer
strip type of system will not be an efficient manner from which to realize the strain
energy potential in elastomers. The work that will be required to perform a stretch
11
0*2,
Figure 2.4 - Jump contraction of elastomer strip from the larger pulley (elongation X2) to
the smaller pulley (elongation X\)
* X
Figure 2.5 - Typical stress-strain curve for an elastomer indicating the work recovered per
unit volume of elastomer from the discontinuous contraction between X2 and X\
between two states will always be greater than the work that can be recovered on a
contraction from the higher to the lower state. This provides a theoretical explanation as
to the initial experimental findings in this concentric pulley-elastomer strip system. As
much work is never recovered from the contraction process as is required to perform the
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stretch. That finding prompted the above understanding of the mechanics of the
concentric pulley-elastomer strip system. The following sections and chapters will further
explore these findings.
2.3.1 Thermodynamic Analogy to Gases
The process of discontinuous deformation in elastomers is thermodynamically
analogous to the process of free expansion in an ideal gas. Free expansion is possible in a
gas, but free compression is difficult. Ideally, a gas can be considered as perfectly elastic.
In a slow reversible process, the work obtained when a gas expands depends on the path
of the pressure-volume curve. The work obtained in such a process will be given as,
W~ K> (2.13)
prev as a function of volume will depend on the path of the pressure-volume curve.
However if the expansion from state 1 to state 2 was sudden, i.e. free expansion, then the
process is an irreversible one and from thermodynamics, the work obtained in such a
process is,
W= p 2 (v 2 -v,) (2.14)
This expression does not depend on the path of the pressure-volume curve and depends
only on the end points. The free expansion, basically is a sudden change in the state for
the gas from a high energy state to a low energy state in a single step.
1
If the free
expansion is into vacuum, then p 2 = 0 and no work will be recovered in the gas
expansion process.
The process of free expansion in an ideal gas is similar to what is observed on
discontinuously deforming the elastomer. The work associated with a discontinuous
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deformation of the elastomer is dependent only on the end states of deformation and not
on the path of the stress-strain curve. The equivalent of the free gas expansion, in the case
of the elastomer, is the process of discontinuous contraction. The discontinuous
contraction process involves the transformation of the elastomer from a high energy state
to a low energy state in a single step. While free expansion is possible in gases, free
compression, which is the movement from a low energy state to a high energy state, is
much more difficult to accomplish. In the case of the elastomer deformation, though, as
can be seen from the pulley-elastomer strip models, discontinuous stretch, which is a
transformation for the elastomer from a low energy state to a high energy state in one step
occurs with the same ease as the discontinuous contraction.
It is also very interesting to understand that the process of discontinuous
deformation, as has been developed using the elastomer-strip concentric pulley model is
not exclusive only to elastomers or rubbers. In principle, any material that is perfectly
elastic when subjected to sudden discontinuities in deformation can be expected to
exhibit such a response. The concentric pulley-elastomer strip system will be easy to
understand for elastomers because these materials undergo large amounts of stretch. For
materials that cannot be stretched as easily, the method by which discontinuity in
deformation is induced will be different. The work associated with deforming an elastic
material, therefore, is very strongly influenced by the manner of material deformation. In
a continuous process of deformation, the work required or the work recovered in the
deformation process depend on the stress-strain curve for the material. However, in a
discontinuous process, these values depend only on the end-points of deformation and not
on the entire stress-strain curve. In this research, the above principles that have been
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utilized in gas thermodynamics are extended in principle to solid deformation as well. It
also brings into picture the importance of realizing the best packaging techniques, so as to
utilize the maximum strain energy potential in elastic materials, particularly elastomers
that are used extensively for their strain energy potential. A discontinuous deformation
process that requires greater work to deform the elastic material and provides much less
work during recovery does not appear to be an efficient deformation technique, from an
energy recovery point of view.
2.3.2 Limiting Case Scenario for Work Recovery
Examining the expression for work recovered during the contraction process
provides an interesting argument. The expression for work recovered per unit volume of
the elastic material due to the discontinuous contraction between X2 and X\ is cti(A,2 -A,i).
The expression for stress in an ideal elastomer in terms of elongation is
ct = G(^-1/^2 ) (2.15)
where:
G - elastic modulus for the elastomer
When X\ is 1, the elastomer is in an unstretched state and the corresponding value for a\
will be 0. This is the case of the free contraction to an unstretched state for the elastomer
and irrespective of how a high a value A,2 might be, no work will be recovered during the
contraction process. In the limiting case of a high value for X\, o\ ~ GX\ (from equation
2.15). Under these conditions, the work recovered per unit volume of the elastomer will
be,
Wrec/Vo = ai(X2-h) = G^,(^2-A.i) (2.16)
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For a given value for X2 , the maximum value for Wrec/V 0 can be obtained by
differentiating the above expression in terms of X, at a constant value of X2 and equating
the differential to 0. This will be obtained for X, = X2/2 and on differentiating the
expression once again, it can be confirmed that X
{
= X2I2 corresponds to a maximum for
Wrec/V 0 . This maximum will be,
Wrec/V0 = G?i22/4 (2.17)
Interestingly, for X
x
= X2/2, the work that will be required to perform the discontinuous
stretching process per unit volume of the elastomer will be W in/V0 = a2(^2-^i),
i.e. Win/V0 = GXjfa-X^) = GX22/2 (2. 1 8)
It is therefore observed that under these conditions, i.e. under the limiting conditions of a
high value for X\, the maximum work that can be recovered per unit volume of the elastic
material during the contraction process is only 50% of the work that will be required to
perform the corresponding discontinuous stretch. These observations indicate very clearly
how the manner of material deformation can have a huge impact on the values of work
associated with the deformation process.
2.4 Cyclic Discontinuous Deformation - Leading to Energy Dissipation
It has, therefore, been shown that the work associated with a discontinuous
deformation process will be different from that in a continuous process. The work
required to stretch will be greater than the corresponding area under the stress-strain
curve and the work recovered on contraction will be significantly smaller. So in a device
that performs a cyclic operation, such as depicted in figure 2.6, where the elastomer strip
or belt is stretched and contracted sequentially at the points P and Q respectively, the
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work that is consumed in the discontinuous jump stretch will not be completely recovered
in the contraction and the difference will be dissipated as heat. The difference in work per
unit volume of the material is,
Wdiss/Vo = (ct2 - oi)(X,2 - X\) (2.19)
This is the area that is shown in figure 2.7.
The first law of thermodynamics states that the internal energy change in a system
is the sum of the heat transferred into the system and the work performed on the system,
i.e. dU = dQ + dW, where dU is the internal energy change of the system, dQ is the heat
transferred into the system and dW is the work performed on the system. Sign convention
R
Figure 2.6 - Cyclic operation of an elastomer strip subjected to sequential jump stretch
and contraction
is very important in this definition. In the above definition, dQ is considered positive
when there is heat flow into the system and dW is considered positive when work is
performed on the system. If in figure 2.6 the elastomer strip is considered to be the
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system, then equation 2.19 shows that in a cyclic discontinuous process of deformation
for an elastic material, there is a difference between the work performed on the system
and the work recovered. This leads to a net positive value for dW for the cyclic process
and from the first law of thermodynamics this will get manifested as changes in dU and
dQ for the system. At very early times of operation, since the process of deformation for
the elastic strip involves rapid discontinuities and jumps, there will not be much heat
transfer to the surroundings (i.e. dQ will be very small) and a strong increase in dU can
Figure 2.7 - Typical stress-strain curve for an elastomer indicating the energy dissipated
per unit volume of elastomer subjected to cyclic discontinuous deformation process
be expected. This will be evidenced by an increase in temperature or a heating of the
rubber belt. With time, dQ will also begin to get prominent and there will be heat transfer
into the surroundings along with heat build-up in the rubber. A cyclic process of
discontinuous deformation for the elastic material will, therefore, involve a large amount
of dissipation that will change the belt temperature and ultimately be dissipated as heat.
Since the entire volume of the rubber belt will heat up, the coolest portions of the belt
will be the outer surface.
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The uniqueness of this concept lies in the fact that it is shown that large
dissipation is possible from a purely elastic material. The work associated with this kind
of discontinuous jump deformation of elastic materials like rubber is independent of the
actual path of the deformation curve and depends only on the end-points. The process
need not involve the usual wave propagation but is seen in any process involving
discontinuous deformations, such as a belt mechanism of transmitting power. The focus
of experimental studies, presented in the next chapter, is to examine this dissipation
phenomenon.
Heat build-up due to dissipation from cyclic loading3
"7
is an often studied
problem. Internal friction is associated with heat build-up in these systems. Various
g
rubbers
,
automobile tires, tank treads etc. are also systems where heat build-up is an
important problem. In most such studies too the heat build-up is associated with
viscoelasticity and other such causes of internal friction in the material. This research
presents that a large amount of heat build-up can arise simply from the manner in which a
material is deformed. There might always be some contribution due to viscoelastic
hysteresis and other causes, but that need not always be the complete case. Discontinuous
or non-equilibrium deformation of the material can be a significant cause for the resultant
heat build-up in elastic materials.
2.5 Literature - Belt Drive Mechanics
When one looks at the theories that exist in literature to describe belt drive
mechanics, some of the earliest work that was brought out was the creep theory that was
developed by Osborne Reynolds
9
in 1847, which was later modified by Swift
10
in 1928.
The creep theory was developed for flexible and extensible belts, much like the rubber
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belts used in this research, and has been extensively used for over 100 years. The creep
theory states that elastic creep is defined as,
C = E,-E2 (2.20)
where Ej and E2 are the fractional extensions of the belt at entry and exit to the pulley.
Figure 2.8 shows a schematic of a rubber belt on a driving pulley. In this figure, at the
point of entry A, the fractional extension of the belt is E| and at the point of exit B, the
fractional extension of the belt is E2 . Assuming Hooke's law for the belt material, in the
absence of slip, it is deduced that,
PocC (2.21)
where P is the driving-pulley shaft power.
Creep in elastic belt-rigid pulley systems results largely due to sliding friction
between the belt and the pulley. When the belt enters a rotating pulley, it possesses the
linear velocity of the rotating pulley at the point of entry. Over an initial distance on the
surface of the pulley, there is no change in the velocity but after a certain point, sliding
friction begins to act. This continues till the point when the belt exits the pulley and the
velocity at which the belt exits the pulley will be lower than the velocity at the point of
entry. It is for this reason that an external power will need to be supplied in order to drive
this system.
It is important to realize how creep will influence the process for discontinuous
deformation proposed in current research. In the concentric pulley-elastomer strip system
developed in this research, the important difference from the schematic shown in figure
2.8 is that there are two pulleys in the concentric pulley setup, the speeds of rotation of
both of which are pre-determined. When the elastomer strip enters a pulley it will possess
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the linear velocity of the pulley. When it exits the pulley, however, it will begin to
possess the linear velocity of the new pulley that it winds onto. Even if there is some
slippage or sliding friction for the strip on the surface of the pulley resulting in a drop in
speed as the strip nears the point of exit, this will be immediately dominated by the linear
velocity of the new pulley. At the point of exit, therefore, the linear velocity for the
E, A
Figure 2.8 - Flexible and extensible belt winding onto a driving pulley
elastomer strip will be that of the new pulley it winds onto. In developing the equations
that govern the mechanics of operation of the system, only the stress and strain values in
the free portion of the strip are considered. Due to the pre-determined speeds of rotation
of the two pulleys, the discontinuities that will be induced will determine these values.
Even if some amount of sliding friction or slippage might exist on the surfaces of the
pulleys, the torque and the associated values for work will still be governed only by the
induced discontinuities. Theories of belt drive mechanics do not account for such a
process of discontinuous deformation for elastic belts.
The creep theory has been extensively used for over a century in the belt drive
industry to describe the mechanics of flexible and extensible belts. In the past 30 years or
so, theories have been developed to show that the creep theory does not describe the
drive
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mechanics associated with rigid or inextensible belts. Firbank", in 1970, showed that in
rigid or inextensible belts, in the absence of elastic extension, shear strains in the belt
envelope or cover are a controlling factor in the mechanics of belt action and
performance. Gerbert 12
,
in 1992, developed a unified approach for belt slip. Slip
measurements were made on thick flat belts, V-belts and V-ribbed belts and Gerbert
observed that in these belts, there were other mechanisms than just classical creep or
shear creep. A unified slip theory was presented considering creep, shear,
seating/unseating and compliance. Measurements and theory were shown to fit well for
practical tension levels. Alciatore and Traver 13
, in 1995, investigated the creep and shear
theories and discuss the situations and materials for which they apply. They extend the
application of these theories to determining tensions in the spans of a running belt and to
multipulley configurations. In addition to all the above studies, there have also been
others
14 " 16
who have focused on experimental studies and power transmission losses in V-
belt drives.
None of the theories developed above discuss the phenomenon of sudden or
discontinuous deformation that might arise in the belt. The model developed using the
concentric pulley-elastomer strip system in this research shows that discontinuities in
deformation can play a significant role in the work associated with deformation of an
elastic material and subsequent inefficiencies that might arise when energy recovery is a
goal.
2.6 Modifying the Theory - To Minimize Energy Dissipation
By understanding the dissipation mechanism it is also simple to understand that
using several stretching steps, rather than a single step process, leads to less and less
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dissipation. In effect all of the work can be stored as strain energy and it all can be
recovered. In order to stretch an elastomer instantly from A., to X2 , the work that is
consumed per unit volume of elastomer is that indicated in figure 2.3. This is due to the
discontinuity of the stretch. In order to utilize this work which can now be used for
numerous energy delivery functions, the elastomer will have to be unloaded. On
Figure 2.9 - Jump contraction of elastomer strip from largest to smallest pulley with an
intermediate pulley in between
contracting instantly from X2 to X\, the work that can be recovered per unit volume of
elastomer is that indicated in figure 2.5. This is not very large and there are huge losses
involved. However, if instead of contracting directly from X2 to X\, a number of pulleys
with varying sizes decreasing from R to r are introduced, then a greater amount of work
can be recovered. Consider the introduction of a pulley of size a such that R > a > r
(figure 2.9). Let R/a = A.2M/. Then the work that will be recovered on contracting the
elastomer from k2 to X
1
will be as shown in figure 2.10. On contracting from the second
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pulley to the third, i.e. from X to X\, further work will be recovered. Thus, the total work
that is now recovered is the sum of the two areas in figure 2.1 1, which is more than just
the area in figure 2.5. Likewise, if the intermediate pulley was not used for the stretching
Figure 2.10 - A typical stress-strain curve for an elastomer indicating the work recovered
on jump contraction between A.2 and X'
process, then the work that is required to stretch between X\ and Xi will be that shown in
figure 2.3. However, on use of the intermediate pulley, the work required will be that
shown in figure 2.12, which is less than the area in figure 2.3.
In effect, all that is being done in the above step is that one huge discontinuity in
stretch between two states is being broken into two smaller discontinuities. In this
manner, the discontinuous process is being made more continuous. The importance of
this arises when there is a need to recover as much energy from an elastic material as
possible. Discontinuities that lead to an inefficient operation should be reduced.
If even more intermediate pulleys could be used, then the amount of work
recovered is enhanced. In other words, if the unloading process was an effectively
continuous one from the higher extension to the lower, rather than a direct jump, then
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more work is obtained. Ideally if several pulleys could be used to gradually reduce the
elongation from X2 to Xi, then the work recovered will be the sum of several small
rectangles, which will add up to be very close to the total area under the unloading curve
(figure 2.13). This is the ideal scenario where the work that is recovered is equal to the
area under the unloading curve, when there will be no dissipation. This is not completely
practical, but still by using an appropriate number of pulleys, as close as possible to the
maximum work can be recovered.
Making a process more continuous reduces the losses that arise due to
discontinuities. The concept of using many steps in deformation processes in order to
improve energy efficiency has long been used in a number of analogous gas
thermodynamics applications. In gas turbines the working gas is compressed, where work
is input, and then expanded in a high energy state after the addition of fuel, so as to obtain
power as output. The performance of a gas turbine may be improved substantially by
reducing the work of compression and increasing the work of expansion. This
improvement is often done by carrying out the compression process in two or more stages
with intercooling and also dividing the expansion into two or more stages with a
reheating of the gas to the maximum permissible temperature between the stages. 17 Yet
another application where gas thermodynamics is utilized in multiple-stages is in a steam
engine that has a similar working principle to the gas turbine. Many old steam engine
mechanisms comprise of a compound engine, triple-expansion engine and quadruple-
expansion engine in all of which the heat energy of the steam is converted into work in
many successive stages.
18 So the concept of discontinuous deformation and the
subsequent dissipation that is brought out in this work from elastomers has long been
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a^1 X' X2
Figure 2.1 1 - A typical stress-strain curve for rubber indicating the total work recovered
with one intermediate pulley
Figure 2.12 - A typical stress-strain curve for rubber indicating the work required to
stretch between X\ and %i with one intermediate pulley
understood in analogous gas applications, with a view towards minimizing this
dissipation. The present research develops these concepts to the deformation of elastic
solids.
26
Figure 2.13 - A typical stress-strain curve for an elastomer indicating the work recovered
on contraction between X2 and X\ in the ideal scenario, i.e. when a large number of pulleys
are used
2.7 Summary
Using a simple system of concentric pulleys and an elastomer strip, it is
demonstrated theoretically that the work associated with the deformation of an elastic
material can be significantly influenced by a discontinuous, as opposed to a continuous
process, of deformation. Such a process of discontinuous deformation is
thermodynamically analogous to free expansion of an ideal gas. The work associated
with this deformation process depends only on the end states of deformation for the
material and not on the path of the stress-strain curve itself. Also, this discontinuity in
deformation leads to heat dissipation even from perfectly elastic materials. The
dissipation does not result from viscoelasticity or other such causes of internal friction in
the material, but simply due to the manner of deformation. These findings, therefore, also
establish the importance of packaging if efficient energy delivery from elastomers is
required. The concentric pulley-elastomer strip system with a large discontinuity between
states of stretch will not be an efficient manner from which to harness the strain energy
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potential of elastomers. A minimization of dissipation is required to obtain efficient
energy delivery from elastomers and in order to do that reducing discontinuities in
deformation will be important.
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CHAPTER 3
EXPERIMENTAL STUDIES
3.1 Background
The early portion of this chapter describes experimental efforts that were
undertaken to study the phenomenon of heat build-up and dissipation due to the process
of cyclic discontinuous deformation. In the previous chapter it was shown, theoretically,
that in a process of discontinuous deformation of an elastic material, the work required to
stretch the material from a low state of stretch to a high state of stretch will always be
substantially greater than the work that can be recovered from a contraction process in the
opposite direction. Therefore, in a cyclic process where there is stretch followed by
contraction sequentially, there will be a difference between the work required to perform
the stretch and the work recovered from contraction. At least a part of this excess work
will be dissipated as heat from the elastic material. This chapter will begin with heat
build-up studies in a high quality elastic belt that was subjected to cyclic processes of
deformation. The experimental setup used to study the cyclic process of deformation is
slightly different from the concentric pulley system, but was still designed to subject the
elastomer to a discontinuity in the stretch and contraction. The rubber belt used is a
closed belt and not a strip. These will be described in detail.
Experimental efforts also involved the measurement of elongation in the rubber
belt along its entire length when it was subjected to the process of cyclic deformation.
The aim of these studies was to measure the elongation in the belt when it was subjected
to cyclic deformation and to understand if there indeed exist only two regions of stretch
in the belt, as would be expected due to discontinuities in the stretch and contraction.
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The final portion of this chapter will be devoted to efforts aimed at designing a
thermomechanical heat engine. The concept of discontinuous deformation in an
elastomer can be used to design thermomechanical heat engines using an elastomer as the
working substance, in a manner not utilized previously. A thermomechanical engine,
which is the same as a heat engine, will involve the transformation of thermal energy into
mechanical work. Due to their gas-like thermodynamic properties, elastomers have, in the
past, been used as the working substance in heat engines. A quick background on the use
of elastomers as working substances in heat engines will now be provided.
Rubber heat engines were first extensively studied in the 1930s by Wiegand and
1 9 20 2
1
Snyder. ' Farris then developed his work on the potential use of rubbery solids as the
"working fluid" in heat engine and heat pump applications. Lyon, Farris and others22
investigated the possibility of using synthetic elastomers as working substances in a heat
engine at the laboratory and pilot scale. They obtained work of the order of U/g under
optimum conditions which exceeded natural rubber by a factor of 10. In a related area,
mechanochemistry is a field of research concerned with the direct isothermal
transformation of chemical energy into mechanical work. Katchalsky and co-workers
have also built engines based on the above principle using regenerated collagen as the
working substance. 23,24 In these engines a continuous collagen belt uses the difference in
chemical potential between a concentrated salt solution and a dilute salt solution to run
the system. Polymers have also been synthesized which convert electromagnetic energy
into useful work.
25,26 The specific mechanism by which polymers interact with these
diverse energy sources to do work depends on the physical and chemical structure of the
individual polymer material. However, it is the ability of polymers and gases alike to
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store and release mechanical energy as changes of entropy, which provides the
thermodynamic route to power production using these materials.
Rubber heat engines utilize the property that a stretched rubber shows a positive
coefficient of force with temperature. In an isothermal heat engine cycle, such as Farris'
and Lyon's22 the rubber is stretched from A,, to X2 at a low temperature, T,. This stretch
between Xi and X2 is a continuous process and not a shock or discontinuous stretch. At X2 ,
the rubber is heated to a temperature T2 . Due to a positive coefficient of force with
temperature for the stretched rubber, the stress on the rubber increases. The rubber is then
contracted at T2 in a continuous manner from X2 to Xh At Xu the temperature of the
rubber is brought down to Ti and the stress then decreases back to the starting point. This
process then continues in a cyclic fashion (figure 3.1). Heat is provided as input to the
system and work is obtained as output. The work per unit volume of rubber obtained per
cycle is the area enclosed under the stress-strain curve.
Stress, a
AUC T
Strain, X
Figure 3.1- Stirling's cycle depicting the use of rubber as a working substance in a heat
21
engine
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The design for a thermomechanical heat engine as proposed in this work is based
on the same principle, a positive coefficient of force with temperature for a stretched
rubber. The material used was a thermoplastic poly(urethane-urea) elastomer. The new
feature introduced in this design is that it is based on the principle of a discontinuous
stretch between X\ and X2 . Consequently, the work that is obtained from this heat engine
will not be dependent on the path of the stress-strain curve, as in the existing models, but
will depend only on the stress and strain values at these points of discontinuity. The
attempt to design, however, did not materialize and the efforts and the possible reasons
for failure are discussed in this chapter.
3.2 Mechanical Characterization of High-quality Rubber Belt Used for Cyclic
Deformation Studies
A high quality rubber belt was used for heat build-up studies. Mechanical tests
were performed on the rubber belt using an Instron 5564. Cyclic loading-unloading tests
were performed to observe the extent of mechanical hysteresis in these materials.
Rectangular specimens (12mm X 3mm X 2.1mm) were used for the mechanical tests.
The cyclic tests were performed between strains of 0% and 500%. The results of cyclic
deformation studies are presented in figures 3.2 and 3.3.
Over the first cycle of loading (figure 3.2), there is a large amount of hysteresis
that can be seen. Over subsequent cycles (figure 3.3), this hysteresis is reduced
tremendously. Viscoelasticity and other such causes of internal friction can result in
mechanical hysteresis in elastomeric materials that can lead to heat build-up in these
materials when they are operated cyclically, as discussed in chapter 2. The reduction in
hysteresis over multiple cycles of loading indicates that internal friction is reduced over
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Figure 3.2 - Stress-strain curve for material of the rubber belt over cyclic loading between
0% and 500% strain, for the first cycle
2nd cycle
3rd cycle
4th cycle
Strain (%)
Figure 3.3 - Stress-strain curve for material of the rubber belt over cyclic loading between
0% and 500% strain, for subsequent cycles
multiple cycles. The rubber belts for cyclic deformation studies were conditioned over
several cycles of loading and unloading. By conditioning the belts over several cycles
before subjecting them to cyclic deformation studies, the role played by internal friction
is these studies, is therefore reduced.
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3.3 Rubber Machine - An Experimental Setup to Study Heat Dissipation
3.3.1 Description of Apparatus
An apparatus has been built in the Farris labs that can be used to study the process
of discontinuous deformation in elastic belts. Figure 3.4 shows a picture of the apparatus.
The apparatus has numerous pulleys of different sizes that are connected by gears of
varying sizes. The pulleys are made of aluminum. A motor is used to drive the system of
pulleys. When the motor is operated the torque that is supplied to the pulley system is
measured using a dynamometer and the speed of rotation of the shaft is measured using a
tachometer. The product of the torque and speed measurements is the power input to the
system. When the system of pulleys rotate, all the pulleys rotate, but the speed at which
they do so depends on the gear ratios connecting them.
Figure 3.5 is a schematic of the setup designed to subject the elastic belt to a
cyclic process of deformation. This is slightly different from the concentric pulleys
system used in chapter 2 to develop the model for discontinuous deformation. In this
experimental setup, the closed rubber belt is held in a stretched state on the two pulleys,
which are both of the same size, but which are not concentric. When the pulleys rotate,
their relative speeds can be controlled by using appropriate gears that connect them. The
rubber belt moves with the two pulleys as they operate. In moving from the slower pulley
to the faster pulley, the rubber belt is stretched and in moving from the faster pulley to the
slower pulley, the belt will contract. In this setup, as the rubber belt moves from the
slower pulley to the faster pulley, it can be expected to undergo a sudden jump in stretch
at the point P where it will leave the slower pulley. At this point, it attains the speed of
34
Figure 3.4 - Experimental apparatus with pulleys of many different sizes on several shafts
p i Rubber belt
a)©
h Q
co2 > co 1 and therefore, X2 > ^1
Figure 3.5 - Schematic of experimental setup to study cyclic deformation of the rubber belt
the faster pulley onto which it is being wound. In principle, in the concentric pulley
system developed in the model in chapter 2, this stretch is the equivalent of the elastomer
strip leaving the smaller pulley and getting wound onto the larger pulley (figure 2.2). In
35
the experimental setup (figure 3.5), the discontinuity in contraction will be expected to
occur at the point Q where the belt comes off the faster pulley and takes on the speed of
the slower pulley that it begins to wind onto.
Diameter of Gear (cm)
1~
725
%A
104
108
lLOS
12
121
~12T"
Table 3.1 - Size (diameter) of the various gears used to control the relative speeds of
rotation of the two pulleys
This setup for the discontinuous deformation of the elastomer is similar to the
model developed in chapter 2. In the model developed, the ratio of elongation values
between the higher and lower states of stretch was found equal to the ratio of pulley radii.
In the experimental setup, the ratio of elongation values between the higher and lower
states of stretch will be equal to the ratio of the speeds of rotation of the two pulleys.
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Hence, in a process that involves a cyclic operation between the two states of stretch, as
the rubber belt is expected to undergo a discontinuous stretch followed by a
discontinuous contraction, there will be a difference between the work performed in order
to stretch and the work recovered on contraction, which will be dissipated as heat from
the rubber belt.
Table 3.1 lists the sizes of the various gears used in this study. The gears are all
saw-toothed gears. By using an appropriate combination of 4 gears, the speed ratio
between the two pulleys in study can be controlled. For example, in order to obtain a ratio
of speeds between the faster and slower pulley of 2.31, the combination of 4 gears to be
used will be those with radii 12.3cm, 7cm, 11.05cm and 8.4cm [(12.3/7)*(1 1.05/8.4) =
2.31]. The ratio of speeds between the faster and slower pulleys, theoretically, will
correspond to the ratio between the higher and lower states of stretch, if discontinuity
occurs during the stretching and contraction process. This ratio will hereon be referred to
as X2A4.
3.3.2 Description of Experiments
One of the experiments performed involved studying the heat dissipated during
the cyclic process of stretch and contraction. The second experiment involved measuring
elongation in the rubber belt as it gets subjected to the process of stretch and contraction.
3.3.2.1 Heat Build-up Measurements
The rubber belt to be tested (36cm X 1.42cm X 0.21cm and weighing 13gm) was
stretched onto the two pulleys. The system of two pulleys, both of which were controlled
to rotate at independent speeds, was then operated using the motor. The belt undergoes
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sequential cyclic deformation in the process. The temperature of the surface of the rubber
belt was monitored in-situ using an infra-red temperature detector, as it was subjected to
cyclic deformation. Since dissipation is predicted from a process of cyclic discontinuous
deformation, an increase in the temperature of the rubber belt is expected to be observed.
The effect of increasing the power supplied to the system of pulleys was also
studied. Increasing the power supplied to the system would make the pulleys rotate faster,
while all the other experimental parameters are maintained constant. Experiments were
also performed over varying stretch ratios. An aspect with the heat build-up problem is
that not only would the rubber belt heat up, but heat dissipation into the pulleys and the
rest of the surroundings can also be expected. In order to minimize heat dissipation to the
pulleys, experiments were performed by changing the heat conducting ability of the
pulleys. In such experiments an insulating tape was used to cover the surface of the
pulleys to reduce heat transfer to the pulleys.
3.3.2.2 Elongation Measurement
Experiments were performed to measure elongation on the rubber belt as it was
subjected to stretch and contraction. The same setup was used but the stretch and
contraction were not examined by operating the belt using the motor to power the system,
instead the system was operated manually. Lines spaced at fixed distances were drawn on
the undeformed belt at points marked 1 to 9. Figure 3.6 shows a schematic of the
stretched rubber belt on the two rotating pulleys. The pulleys are numbered 1 and 2 and
the points on the belt are numbered from 1 to 9. It is important to note that there is no
relationship between the numbering of the two pulleys and the numbering of the points
on the belt. When the pulleys are rotated manually, the belt gets deformed. In this
38
deformed state, the pulleys and belt were held fixed and the distance between the
originally drawn lines was measured. By performing this measurement over the entire
length of the belt, the elongation in the belt could be measured. As the pulleys rotate, the
portion of the belt that leaves the slower pulley is expected to undergo a jump stretch.
The elongation was measured over various portions of the belt, including the regions
where the belt is in a state of contraction, to verify how the experimental measure of
elongation matches with the theoretical prediction. A measure of elongation in the above
manner will also provide an indication of the extent of slip for the belt on the pulley.
1 2 3Jump Stretch should
^
occur at the point 1 I ^\ I *v
Figure 3.6 - Lines marked on the rubber belt to measure elongation along the length of the
belt when subjected to cyclic deformation
3.4 Results and Discussion
3.4.1 Heat Build-up Measurements
3.4.1.1 Sample Taken to Break
Figure 3.7 shows a plot of the surface temperature of the rubber belt when it is
subjected to a process of cyclic deformation. The ratio of speeds between the faster and
slower pulleys, or equivalently the ratio between the higher and lower state of stretch
(X2/X\), was maintained for this test at 3.03. The overall power input to the
system was
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maintained at 0.225HP (170W). It should be noted that this power input, however, is
transmitted to the entire system of pulleys in the experimental apparatus and not simply
the two pulleys that contain the elastic belt.
It ean be seen from figure 3.7 that there is a substantial increase in the surface
temperature of the rubber belt, as might be expected from the theoretical predictions from
the model developed for eyclie discontinuous deformation. Initially, the temperature
increase is almost linear. This is because all the dissipation mostly heats up only the
material of the rubber belt. With time, however, there is also heat transfer into the
surroundings. There is dissipation into the air and also the pulleys become extremely hot.
The surface temperature of the belt still continues to increase, however, although not as
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Figure 3.7 - Surface temperature of the rubber belt for a X2IX\ ratio of 3.03 and a total
power input of 0.225HP (170W) to the system.
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steeply as during the initial minute or so and at a temperature of 78°C, the belt fractures.
The maximum power handling capacity for the rubber belts was calculated to be about
lOHP/lb of rubber.
The chief problem associated with being able to quantify the exact amount of
dissipation is due to the large amount of heat transfer into the surroundings which is very
difficult to quantify. Another fact to note is that the experimentally measured quantity in
this experiment is the surface temperature of the rubber belt. Since actually, the entire
volume of the belt will heat up, the temperature in the bulk for the rubber belt could be
slightly more than the surface temperature, since the surface will be the coldest
component of the belt. Due to the above reasons, an exact measure of the total dissipation
from the cyclic discontinuous deformation process cannot be obtained from these
experimental measurements and an exact match with the theoretical prediction (equation
2.19) is not possible. However, certain useful estimates can be made and these will be
presented.
The dissipation problem can be considered analogous to a problem of water build-
up in a cylindrical vessel that has a leak at the bottom, which will be the flat surface of
the cylindrical vessel. The leak gets created soon after the water begins to flow into the
vessel. Due to a constant flow rate, there will be water flowing into the vessel. The height
of the surface of water will increase with time as more water flows into the vessel.
However, when the leak gets introduced at the bottom, there will also be an outward
How. The flow rate through the leak at any point in time will be determined by the
amount of water in the vessel, i.e. the height of the water in the vessel. This is identical to
the heat build-up problem. The difference between the work required to stretch and the
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work recovered on contraction per unit volume of the elastic material is the constant input
into the belt, analogous to the constant water flow rate. This difference in work, from the
model developed, is a positive value (equation 2.19) and will result in an increase in the
temperature of the belt. The increase in temperature of the belt is equivalent to the
increase in height of water within the vessel. Initially there will be a steep increase in the
temperature of the belt, but with time heat transfer into the surroundings starts to play a
role. Dissipation into the surroundings is equivalent to the leak in the cylindrical vessel
for the water flow rate problem. The heat transferred to the surroundings will be a
function of the temperature in the rubber belt, similar to the water flow rate through the
leak which will be dependent on the height of water in the vessel. Like the water flow
rate problem, which can be described mathematically using a differential equation27 , a
mathematical model can be developed to describe the heat build-up problem as well. If
the total volume of the belt is Vb, then the net work input into the rubber belt over each
cycle of rotation will be,
If the average speed of rotation of the belt is w rotations per second, then that leads to
dW/rotation = (a2 - o\)(X2 - ^)(V b ) (3.1)
dW/time = (ct2 - a,)(A,2 - ki)(V b)(a)) (3.2)
Over an incremental time dt, the above expression leads to,
dW = (a2 -a,)(A.2-A.i)(V b)(©)(it (3.3)
The heat build-up in the rubber belt can be expressed as,
dU = mbC pdT (3.4)
where:
mb - mass of the rubber belt (g)
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Cp - heat capacity of the rubber at constant pressure (J/g°C)
dT - increase in temperature of the rubber belt (°C)
Assuming the heat transferred to the surroundings to be directly proportional to the
temperature in the rubber belt, over a time dt this quantity can be written as,
dQ=
-k(T-T0)dt (3.3)
where:
k - constant of proportionality (the negative sign arises since the rubber belt is the
system and heat is transferred from the system to the surroundings)
T - temperature of the rubber belt at time t
To - initial temperature of the rubber belt
The first law of thermodynamics then leads to,
mbCpdT = - k(T - T0)dt + (a2 - a,)(A.2 - A.,)(V b)(co)dt (3.4)
Equation 3.4 can be reduced to the form,
dT/dt = ki-k2T (3.5)
where:
ki and k2 are constants
with ki = [ (cj2 - tfiXta - ^i)(Vb)(co) +kTo ] / nibC p and k2 = - k / mbC p
Interestingly, the solution to equation 3.5 will be of the form
T = Aln(t) + B t*0 (3.6)
where A and B are constants and will be determined by the experimental conditions. The
plot of equation 3.6 will provide a curve for temperature T as a function of time t. It can
be realized that this logarithmic plot will be of a nature identical to the experimentally
measured curve in figure 3.7 over time scales of the experiment, except at t = 0.
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An extension to the above analysis is the following simple calculation for Cp for
the material of the rubber belt from the experimental measurements shown in figure 3.7.
[f it can be assumed that during the very early portion of the eurve (time • 60 seconds),
heat transfer to the surroundings is almost zero, i.e. dQ s 0, then equation 3.4 can be
redueed further. During this time, it can be seen that the increase in surface temperature
of the belt is steep and linear and almost all the dissipation can be expected to heal the
rubber belt, thereby validating the above assumption. Equation 3.4 then reduces to,
mbCpdT = (a2 - ai)(^2 - ?n)(V b)(o))dt (3.7)
Temperature measurements indicated that during the initial 30s, the increase in surface
temperature of the rubber belt under the experimental conditions was 12°C. The mass of
the rubber belt was 13gm and it had a volume of I Icm3 . f rom stress-strain curves for the
rubber between elongation ratios of 1 and 3, it was observed that (a 2 - CT1KX2 - h)
possesses a value of about l.5MPa or 1.5 X l06J/m3 . The rotational speeds of the pulleys
were calculated using tachometer measurements and from a knowledge of the dimensions
of the pulleys and the distance between them, the value of CO was calculated to be
0.75rotations/sec (in this experiment the faster of the two pulleys was operated at 20rad/s
or about 1 85 R I'M and the slower pulley was at nearly one-third of this speed), liy
plugging in the above numbers into equation 3.7, the value of C p for the rubber was
calculated to be equal to about 2.l/g°C. This is a characteristic value for the specific heat,
which for most rubbers is about l.6J/g°C. This is a nice estimate that validates the use oi
equation 3.7 and offers an explanation for the experimental heal build-up response that is
observed.
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3.4. 1 .2 Varying Power Input to System
Figure 3.8 shows that when the overall power input to the system is increased, the
heat build-up in the belt is also increased. This chart provides a measure of the increase in
surface temperature of the belt 30s after the system begins operation for a X2IX { value of
3.03, as a function of power input to the total system. The power input to the total system
is a product of torque and speeds of rotation and a variation in the overall power input to
the system was achieved by rotating the pulleys at different speeds. So a higher power
20
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Figure 3.8 - Temperature increase of the surface of the rubber belt, measured after 30s of
operation, as a function of power input to the overall system, for X2IX\ = 3.03
input implies a faster speed of rotation of the two pulleys and the rubber belt, even
though the relative speeds of the pulleys which will be equal to the value of X2/X\ for the
chosen experiment will still remain the same. The plot shows that, while maintaining all
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other factors such as X2/X\ and time of measurement constant, if the pulleys are rotated at
a faster rate, then the rubber belt heats up faster too. Interestingly, the increase in
temperature also appears to be a linear function of the power input. This can be predicted
from theory. Since in this experiment, the temperature is measured for very early times
(30s), the assumption that heat transfer to the surroundings in not significant can be made
and the first law of thermodynamics will reduce to equation 3.7. At a constant dt in this
experiments (30s), it can be observed from equation 3.7 that the increase in temperature
(dT) is predicted to be a linear function of the speed of rotation of the belt (co) or
equivalently the power, when all the other parameters are held constant. The linear
behavior that is observed also adds credence to the assumption that at these time scales
(30s), heat transfer to the surroundings (dQ) is not substantial. From figure 3.7, it can be
seen that this will not be the case at longer times. Heat transfer to the surroundings will
begin to play an important role beyond even the 1 minute mark and deviations from the
linear response can be expected.
3.4.1.3 Varying Stretch Ratio
Figure 3.9 shows the surface temperature of the rubber belt, over 5 minutes of
operation, for varying values of X2/X\, at a constant power input to the system. The values
of Xj/X\, to recall, are controlled by controlling the relative speeds of rotation of the two
pulleys. It is seen that in going from a low value for XjlX\ to a high value for XjlX\, heat
build-up increases. This would be expected from theory, since the product of (tf2 - tfiXta
- X\) increases for a higher value of X2/X\. This would not only result in a greater
temperature build-up in the rubber belt, it would also result in greater heat transfer to the
surroundings at longer times. This is what is observed. It can also be observed that for
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X2IX\ = 1.02, there is no change in the surface temperature of the rubber belt at all. This
shows that when both the pulleys rotate at very nearly the same velocity, there is no heat
build up in the rubber. This is consistent with what would be expected, since if the two
pulleys rotate at the same velocity, there is no stretching or contraction that occurs. For
X2IX X = 1.02, X { = X2 and the product (a2 - CJi)(^2 - h) will be very nearly equal to zero,
Consequently heat build-up will not occur. The fact that there is no heat build-up at X2/X {
= 1 .02 also indicates that static friction does not contribute to the heat build-up. If static
friction played a role in heat build-up, then at least a slight increase in temperature would
be observed even for X2IX\ = 1 02. That, however, is not the case.
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Figure 3.9 - Surface temperature of the belt with time, for varying values of X2/X\, for a
total of 5 minutes
3.4. 1 .4 Varying Heat Conducting Ability of Pulleys
Heat transfer into the surroundings, i.e. air and pulleys has been observed in all
the heat buildup measurements. This shows that the experimental conditions are not
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adiabatic and this becomes especially prominent at longer times. One of the experimental
goals was to control this heat transfer and to observe if that would result in a greater
increase in the temperature of the rubber belt. By reducing heat transfer, the k(T-T0)dt
term in equation 3.4 will be reduced in magnitude. This would be expected to result in an
increased heat build-up in the rubber. In order to perform such an experiment, an
insulating tape was strapped onto the surface of the two pulleys for one of the
experiments. The rubber belt was then stretched and contracted in the usual manner and
the surface temperature of the rubber belt was monitored as a function of time. Figure
3.10 compares the surface temperature of the rubber belt under two different
-»— Pulley with no insulating
material
m— Surface of pulley co\ered
with an insulating material
0 50 100 150 200 250 300
Time (s)
Figure 3.10- Comparison of the surface temperature of the rubber belt over 5 minutes
of operation for X^h = 1.67 with and without an insulating tape covering the surface
of the pulley
experimental conditions. Both the experiments were performed for Xj/Xi = 1.67 at the
same total power input to the systems and the surface temperature of the belt was
monitored over 5 minutes. It can be clearly seen that when the surface of the pulley is
covered with an insulating tape, the heat build-up in the rubber belt is increased
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substantially, as predicted from theory. The pulley does not absorb as much heat as in the
scenario when it is not covered with the insulating tape. Even in this experiment, at
longer times heat transfer to the pulleys is still observed and the increase in surface
temperature of the rubber belt ceases to be linear. It is also important to note that heat
transfer into air occurs continuously as well. The importance of dissipation into
surroundings is realized from this experiment and can be seen to have a significant
influence on heat build-up in the rubber belt.
3.4.1 .5 Conclusions from Heat Build-up Studies
Large amounts of heat build-up are observed in a high-quality rubber belt that is
subjected to a cyclic deformation process. This heat build-up can be attributed to what
would be expected from theory, i.e. discontinuities associated with the deformation
process. There is also heat transfer to the pulleys and air. On increasing the speed of
cycling and on increasing the ratio of stretch by increasing the ratio of the speeds of
rotation between the faster and the slower pulleys, heat build-up in the rubber belt is
increased. On reducing dissipation into the surroundings, the rubber belt is shown to heat
up further. There is a large amount of dissipation into the surroundings and quantifying
the exact amount of heat that gets dissipated from the rubber belt and relating it to the
theoretical prediction is a difficult task, although some interesting estimates could still be
made from the heat build-up measurements. It will also be useful to realize that heat
build-up in rubber can be kept to a minimum if the entire experimental setup was
immersed in an environment like water. In that case, all the heat build-up in the rubber
will actually be transferred to heating up the water. Finally, an estimate of the amount of
dissipation that results due to discontinuous deformation can be compared to the amount
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of dissipation that would result from simple viscoelastic hysteresis. From figure 3.3. it
can be seen that for large amounts of deformation, for example between a strain of 0% (X
= 1.0) and a strain of 400% (X = 5.0), the dissipation due to discontinuous deformation
will be at least 5 times greater than the dissipation due to simple hysteresis. This
emphasizes the importance of dissipation due to discontinuous deformation, particularly
at larger deformation for the elastomer. It must be noted that the experiments performed
in this research were at smaller deformation for the rubber belt and at these deformations,
the dissipation from discontinuous deformation can be observed to be at least 3 times
greater than the dissipation from simple hysteresis.
3.4.2 Elongation Measurement
3.4.2.1 Elongation Measurement at Low Values of A.2/X1
At low values of A^A-i, the elongation in the deformed rubber belt could be
measured over the entire length of the belt. Figure 3.11 shows a plot of the variation of
elongation along the length of the belt for ^2/^1 = 1-53. Figure 3.6, to recall, provides a
schematic of how the points 1-9 are distributed on the belt. The elongation that was
calculated by measuring the distance between lines drawn at points 1 and 2 can be
assumed to be the average elongation at the mid-point between 1 and 2, referred to as
point 1.5. Similarly the other elongation values represent the average value at points 2.5,
3.5 and so on till 8.5. It is seen that there are predominantly two regions of stretch in the
rubber belt. From knowledge of the length of the undeformed belt, the dimensions of the
pulleys, the distance between the pulleys and assuming theoretically that there are exactly
two regions of stretch in the belt, theoretical values for X\ and X2 were calculated for any
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given ratio of X2/\\. It is seen from figure 3.11 that the experimentally measured values
of elongation are close to the theoretical predictions. It is also observed that the
discontinuities in jump and contraction are not abrupt, but actually occur over a short
distance on the pulleys. This indicates that there does exist a slight amount of slippage
c
oJ
(0
CD
c
o
LU
8
Points on the belt
Figure 3.1 1 - Experimental measurement of elongation for A,2/A,i = 1.53. The theoretical
prediction for A,i = 1.25 and ^2= 1.9
between the rubber belts and the pulley, particularly as the belt exits the pulley. Figure
3.12 shows a similar trend in the experimental measurement of elongation for ^2/^1 =
1.67. The above elongation measurements show that there exist two regions of stretch in
the rubber belt, one region of high stretch and one region of low stretch. These regions
are in the free portions of the belt, where the belt is not in contact with the pulley and the
transition between the regions is not an abrupt jump, but occurs over a small distance on
the pulley, due to slip. In developing the mechanics for discontinuous deformation of the
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concentric pulley-elastomer strip system in chapter 2, only the stress and elongation
values in the free portions of the strip are taken into account. In the experimental system,
the stress and elongation values in the free portions of the belt are in fact observed to be
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Figure 3.12 - Experimental measurement of elongation for X2/h = 1.67. The theoretical
prediction for X\ = 1.2 and Xj ~ 2.0
constant and determined only by the speeds of the respective pulleys. Therefore, even if
there is a slight amount of slip for the material of the belt on the pulley, as the
experiments indicate, it still does not affect the engineering mechanics of the model
developed. Dissipation will still occur in a cyclic deformation process, due to the
discontinuities in deformation resulting in different stretch states in the two free portions
of the belt.
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3.4.2.2 Elongation Measurement at High Values of X2M.i
Elongation measurements at high values of X2/h could not be made accurately.
This was due to the fact that at high values for X2/h, the belt tends to relax when held
stationary. Elongation measurement, therefore, becomes very difficult since the distance
between the fixed lines that were marked on the undeformed belt are now also influenced
by this relaxation process and do not provide an accurate measure of the actual
elongation. A possible direction in which to proceed, in order to obtain accurate
elongation measures under these conditions would be to use a high speed camera to
capture the distance between the lines, when the belt is deformed.
3.4.2.3 Conclusions from Elongation Measurement Studies
For low values of fa/h, it is observed that there are predominantly two regions of
stretch in the belt. These two regions are in the free portions of the belt. The transition
between these two regions is not an abrupt discontinuity, since there is some amount of
slip as the rubber belt exits a pulley. However, this difference in the state of stretch
between the two free portions of the belt which will occur due to the different speeds of
rotation of the pulleys will still result in heat build-up during a cyclic operation of the
system, as can also be observed from the studies on heat build-up.
3.5 Failed Attempt - Design of a Thermomechanical Heat Engine
3.5.1 Theoretical Principle behind the Heat Engine
Figure 3.13 provides a schematic of the envisioned thermomechanical heat
engine. The system is not rotated manually, as in figure 2.6, except for a momentary
clockwise spin at the beginning. Instead, thermal energy is supplied as input to the system
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RFigure 3.13 - Schematic of the thermomechanical heat engine
with the goal of obtaining mechanical rotation as the output. Thermal energy is supplied
in the following manner. The portion of the elastomeric belt from P to P7 is maintained at
a lower temperature than the portion from Q to Q; . When a very slight initial mechanical
moment is introduced to the system, so as to rotate it in a clock-wise direction, then the
process of discontinuity or jump in deformation, at the points of stretch and contraction,
would be expected to occur, as presented in the theoretical model in chapter 2. The
specific temperature input then results in the process ofjump stretch occuring at a lower
temperature than the process ofjump contraction. This would result in the stress (aCoid) in
the high stretch region X2 being lower in magnitude than the stress (ai10t) in the low
stretch region X\, if the difference in temperature is adequate. On a stress-elongation
curve the conditions of stress will be as represented in figure 3.14.
In proceeding through a moment analysis for the above system, the net clockwise
moment that results in such an arrangement, per unit volume of the rubber belt, is (Choi
-
54
CTcoid)(^2 - h). Hence, in order for this engine to work, i.e. in order to obtain a net positive
clockwise moment as mechanical output, the condition to be satisfied is that there will
have to be a sufficient temperature difference that leads to crho, being greater than acoid for
the chosen values of X2 and X { (i.e. R and r). The difference between this design and the
design of heat engines with elastomers as the working substances from the past is that the
feasibility of this design depends only on two points on the stress-strain curve, whereas
the designs from the past were concerned with the area under the stress-strain curve.
hot
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Figure 3.14 - Stress-elongation conditions for the stretched elastomer when the system
is subjected to thermal conditions as described
3.5.2 Stress Measurement
In order to study the feasibility of using spandex, a thermoplastic poly(urethane-
urea) elastomer as the working substance, stress measurements were made at the
conditions of study. Maximum work output requires choice of X\ and X2 such that the
product (a h(„ - a c<>id)(^2 - M is maximum. The heat engine was designed according to the
schematic shown in figure 3.13. The difference between the hot and cold temperatures
cold
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was maintained at 70°C. The heat was provided using a heat gun and the temperature was
maintained in the hot portions at 100°C. The cold portion was maintained at a room
temperature of 30°C. The experimental design utilized pulleys with diameter 4.572 cm
and 4.7625 cm respectively. From a measurement of the length of the undeformed
elastomer, and distance between pulleys and the idler rollers, assuming perfect
discontinuous deformation, the corresponding value for X, is 4.0 and for X2 is 4.15. A
measure of the stress in the elastomer strands at these temperatures using an Instron 5564
equipped with an environmental chamber is shown in Table 3.2. Table 3.2 corresponds to
A Temperature = 70°C State 1 State 2
Elongation 4.0 (A,,) 4.15 (k2 )
Stress (MPa) 2.82 (CThot) 1-94 (CTcold)
Table 3.2 - Stress measurement in the elastomer strands (aho t is measured at 100°C and
CTcold is measured at 30°C)
a net positive theoretical output for work, since ahot is greater than acoid. Yet, in the actual
design, on providing the appropriate temperature difference between the stretch and
contraction portions in the elastomer, net mechanical work was not obtained as the
output. The possible reasons for that are discussed.
3.5.3 Possible Reasons for Failed Design
One of the possible reasons for the heat engine not being able to produce
mechanical work as output corresponding to the thermal input, in spite of theoretically
being expected to do so, could have been friction. This, however, was studied and it was
found that in order to make the system overcome friction and rotate, far less energy was
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required than was being supplied, theoretically. It could therefore, only be concluded that
thermal energy was not being supplied to the system as might be expected theoretically.
The reason for the above could be the fact that efficient heat transfer was not
being achieved in the experimental system. Referring to figure 3.13, an exact control of
heat is required in the regions as indicated. The portion of the belt between Q and Q ; has
to be maintained uniformly at the high temperature and the portion between P and ?' has
to be maintained uniformly at the low temperature. If this was not being achieved then
the necessary positive clockwise moment would not be attained in the system. Non-
uniform temperature control in the various portions of the spandex strands was possibly
the reason behind why the heat engine could not be made to function. A second reason
for failure could be the fact that since the difference between X] and X2 is not very large,
if perfect discontinuity was not being achieved in the deformation of the elastomer
strands, then the force as calculated from the Instron measurements may not be what the
elastomer strands in the experimental design would experience.
The above issues also bring to light the fact that designing a heat engine in such a
manner may not be the most efficient design possible. In order to achieve positive work
output, effective heat control is very essential. Also the use of several steps rather than
one step, thereby taking into consideration the area under the stress-strain curve rather
than just two points on the stress-strain curve appears to be a more efficient approach,
since heat engines have actually been designed, in literature, using that approach.
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3.6 Summary
Large amounts of heat build-up were experimentally measured in a rubber belt
subjected to a process of cyclic deformation on two pulleys, one pulley rotating faster
than the other. This heat build-up is demonstrably due to the process of discontinuous
deformation for the rubber belt as it moves from one pulley to the other and back in a
sequentially cyclic manner. The amount of heat build-up in the rubber belt is controlled
by the extent of stretch in the rubber belt (which is determined by the relative speeds of
rotation of the pulleys), the absolute speed at which the pulleys rotate and also by the
extent of heat transferred into the surroundings. Heat transfer into the surroundings
precludes knowledge of the exact amount of dissipation and makes modeling the heat
transfer a very complicated problem. Measurement of elongation in the rubber belt when
it is subjected to the process of cyclic deformation demonstrates that there are indeed two
regions of elongation in the material, a high stretch region and a low stretch region, as
would be expected from a process of discontinuous deformation. Elongation
measurements also showed, however, that there is some slip in the belt, as the belt exits a
pulley.
Efforts aimed at designing a thermomechanical heat engine using a poly
(urethane-urea) elastomer as the working substance failed. The novel feature with this
design was that it was based on the process of discontinuous deformation in the elastomer
and so its feasibility, theoretically, depended only on two points on the stress-strain curve
for the elastomer. However the design did not materialize and the reasons for failure
largely could be attributed to difficulties in efficient heat control in the various portions
of the stretched elastomer.
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CHAPTER 4
ENERGY DISSIPATIVE AND ENERGY DELIVERY APPLICATIONS
4.1 Background
In chapter 2 it was shown that discontinuities in deformation of an elastic material
can lead to a large amount of dissipation. Chapter 3 experimentally demonstrated a large
amount of heat build-up in elastic belts. Dissipation is not favorable, if the strain energy
potential in elastomers is to be utilized for energy delivery applications. Modification in
deformation will, therefore, be required to minimize such dissipation. The focus of this
chapter is to present certain useful consequences that can be realized even in the case of
dissipation from the elastic belts. A few energy dissipative applications are discussed.
Energy delivery applications are also discussed. Regenerative brake devices have been
referred to as a possible application for energy delivery from elastomers. A few other
energy delivery applications are also discussed in this chapter.
Dissipative applications include non-friction brakes, tension and torque
controllers and torque converters. Brakes are generally friction brakes, either dry friction
or viscous friction. 28,29 In the use of dry friction brakes, such as those used on
automobiles, the mechanical energy of the sliding components is converted to thermal
energy that leads to very high temperatures, especially in the skin of the braking
components, and wear. These high temperatures can lead to problems such as warping
and loosening of the metal parts, as well as be a source of high temperature causing fires.
In an application for the dissipative device in this work, as a non-friction brake, these
problems can be avoided.
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Another application is as a constant tension device. A constant tension device can
be made to function as a tension controller in applications such as in the drawing of
polymer sheets and fibers where a constant tension should be maintained. If the stretch
and contraction points in the discontinuous rubber deformation process occur by means
of sudden jumps and not continuously, then the stress states in the belt are constant for a
given region and vary over the length of the belt just as the stretch varies. It takes a
constant torque to turn such a device and so it can be applied as a tension controller or a
constant torque controller.
A third application for the dissipative device will be as a torque converter. Torque
converters can be used for the startup of massive systems such as conveyor belts,
escalators and clutches in automobiles and trucks. This application permits apparent
slippage to occur between the input and output speeds whenever the torque reaches a
critical value. When this occurs the torque remains constant and the speeds are
independent of each other with the excess work being dissipated as heat. Below this
critical torque, the speeds are identical with no dissipation. Clutches or torque converters
of this type are required in start up situations, e.g. when an electric motor is used to start
an escalator from rest the torque will become so high the motor will overload and burn up
if unprotected. In many such systems an automotive hydraulic transmission is used to
isolate the electric motor from the escalator thereby limiting the torque. In the present
application brought out here, with the dissipation mechanism that occurs from the rubber
belt, the need for an automatic hydraulic transmission is eliminated. Two such torque
converters also have the potential to replace differential gear assemblies in automobiles,
as will be discussed.
(>()
Delivery applications include regenerative brake devices and mechanical energy
batteries for which there are numerous applications.
30Bardwich describes an invention for a regenerative brake device where he uses
the kinetic energy from vehicles during their normal operation and not just during
braking. Bardwich and Besel et.al 31 use inertial flywheels in their inventions, to store
energy. This is a complex energy transfer mechanism and requires complex electro-
mechanical coupling because of the high RPMs required for efficient flywheels.
Elastomeric storage devices have since been used to store energy more efficiently.
Hoppie32 uses elastomers in regenerative brake systems. The above and his other
* 33 35inventions ~ relate to regenerative brake systems of automotives where he uses solid
elastomeric rods. The storage assembly includes a plurality of cylindrical rubber bars that
are torsionally stressed to store energy. In these rods, one end is rotated relative to the
other, thereby torsionally stressing each rod. The rubbers are torsionally stressed during
braking of the vehicle and then drained off during acceleration. The existence of separate
transmission paths for energy delivery to and transfer from storage devices leads to high
36
cost and energy losses. Gill provides an energy recovery system for automobiles with a
common energy transmission path for both energy delivery and removal with respect to
storage device. He torsionally stresses a tubular elastomeric storage member, as opposed
1 "7
to solid elastomeric bodies used by Hoppie. Jayner uses solid elastomeric bodies that
are longitudinally stressed to store energy. He uses an elastomeric membrane which
absorbs and stores the energy of a moving vehicle that is decelerating by stretching itself
and which can later transmit the stored energy to enable the vehicle to be accelerated, by
contracting.
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With the use of the technique for a regenerative brake device, as proposed in this
work, some of the problems inherent with the above systems can be avoided. The
application and the advantage it brings over these existing systems will be discussed in
detail in this chapter. One of the biggest advantages of using elastomers for regenerative
brake devices is that they can deliver and accept energy at near explosive-like rates. A
typical automobile battery has a capacity of about 80Amp-hours at 12Volts. This is
roughly a Kilo-watt hour of energy or well over 2,500,000 foot-pounds of energy. A 3200
pound automobile traveling at lOOMph has less than half that amount of kinetic energy.
Why are there no simple regenerative brakes using a single electric battery in an
automobile? The reason is that batteries cannot accept or deliver energy at high rates. In
order to have a practical device using batteries one needs a huge bank of batteries such
that the rates of energy input and output are small when one considers the battery mass.
One does not have this difficulty with elastomeric materials. Elastic energy storage
devices can have numerous applications as energy batteries. Possible applications besides
regenerative brakes include starting devices, e.g. it is difficult to start diesel engines
because of heat loss due to slow cranking speeds. One could use an electric battery to
charge an elastomeric battery which would then crank the engine at a very high speed for
easy starting, especially at low temperatures. Obvious extensions to this idea are starters
for small gasoline powered devices, such as lawn mowers. This would also make an
interesting device for powering tools and toys, especially in applications where electric
energy presents hazards that are unacceptable.
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4.2 Extending the Principle of Discontinuous Deformation to Applications
4.2.1 Energy Dissipative Applications
4.2.1.1 Non-friction Brakes
The basis behind this application is the utilization of heat build-up and dissipation
from a purely elastic material. Consider the device as shown in figure 2.6. The kinetic
energy of a moving vehicle can be transmitted to a system which by means of simply
stretching and contracting a rubber belt ends up dissipating this energy as heat, thus
consuming energy without the use of friction brakes. The energy is consumed in true
thermodynamic free extensions and free contractions, much like the throttling of a gas.
The amount of energy that gets dissipated can be controlled by controlling the volume of
rubber used and its distribution between the two stretch states. Unlike a friction brake,
which produces very high skin temperatures because the dissipated energy is confined to
such a small volume of material, these thermodynamic brakes result in heat build-up over
the entire volume of the material. Consequently, these brakes result in relatively low
temperature rises and the coolest component is the surface. In friction brakes the
temperatures are very high with the temperatures being the highest at the surface. Figure
2.6 is not the only model for dissipation. A number of alternatives are possible, such as in
figure 3.5. It was even observed from the experimental setup that is based on the above
alternative that large heat build-up and dissipation do indeed occur from a rubber belt.
4.2.1.2 Tension Controller
The above devices can also be utilized as tension controllers. It takes a constant
torque to turn a device such as in figure 2.6 or figure 3.5. This is because the stretch and
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contraction points in the discontinuous deformation process occur by means of sudden
jumps and not continuously. So the stress states in the belt are constant for a given region
and vary over the length of the belt just as the stretch varies. Applications such as
drawing of polymer sheets require a uniform tension to be maintained during the drawing
process. Since the above device requires a constant torque to turn, it can be used for such
applications.
4.2.1
.3 Torque Converters and Alternatives to Differentials
Consider the device shown in figures 4.1(a) and 4.1(b). In figure 4.1(a), the two
small identical pulleys are connected by means of a chain. This ensures that the two
systems rotate at the same angular velocity. The two large pulleys of different radii are
connected by a rubber belt. The pulleys are connected to shafts as shown in figure 4.1(b).
The shaft connected to pulley B is the driving shaft, which is powered by a motor system.
The torque delivered by this is transmitted to A which then transmits torque to the driven
shaft, as can be seen from figure 4.1(b). The driven shaft is connected to a moving
system.
Below a certain critical torque, the driving torque is transmitted from B to A and
there are no losses of energy because the rubber belt does not rotate relative to the pulley.
When the driving torque reaches this critical value, the torque still gets transmitted but
energy is also dissipated from the rubber belt. As discussed in the previous sections, the
movement of the rubber belt will involve heat dissipation, since it involves a process of
jump stretches and contractions of this elastomeric member. So a certain amount of the
input energy from the driving shaft will be dissipated as heat while the torque is
transmitted to the driven shaft. There is thus a torque conversion involved in the process.
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Rubber belt
Pulley B
Drive Shaft
Pulley A
Pulley A
(b)
Figure 4.1 - Schematic of application as a torque converter
Depending on the amounts of heat dissipated, the angular velocity of the output shaft is
determined. The velocities for the input and output shafts will now be different and 100%
transmission is no longer possible. This torque converter can be used in starting large
massive conveyers, such as escalators. These are systems that require huge forces or
torques to get started from rest. Once started, they are more easily maintained. In the
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above torque converter, below a critical torque there is a 100% conversion of the energy,
hence once the system is running, the drive would be very efficient. There is a maximum
torque transmitted before the system appears to slip. Once started, the system requires
much less energy to be maintained in motion. Interestingly, on many of these massive
systems that are driven by electric motors, an automotive hydraulic transmission is used
between the motor and the conveyor to prevent electrical overload. The same thing can
be done with a few pulleys and rubber belts. This type of design can be used in place of
friction clutches in current "stick shift" automobile transmissions.
Two of the above torque converters can be used to replace differential gears in
automobiles. Differential gears in automobiles are used in drive axle assemblies and are
the means that make it possible for vehicles to move the wheels that drive the automobile
such that one wheel can turn faster than the other in going around a corner. The axles are
made in two separate pieces and each piece is connected at the middle to a differential
gear assembly. This permits the two rear wheels to turn at different speeds, as is
necessary in driving along a curved road or in making a sharp turn. With a mechanical
differential the torque transmitted to each wheel is the same while the speeds of the
wheels can be independent, however the sum of the speeds is equal to the input speed.
Differentials are also used in all wheel drive vehicles to permit the front and rear wheels
to turn at different speeds, thereby eliminating excess tire wear. One of the features of
using differential gears is that when one of the drive wheels is lifted from the ground and
the engine started, this wheel will freely spin while the other wheel on the ground will
carry no torque. This is also what happens when one rear wheel is in soft mud or ice and
the other wheel is on firm ground. The former will spin in the mud or ice, but the latter
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will not move. In the current design this problem will be overcome. This problem is
solved in some designs by using limited-slip sensors to brake a freely rotating wheel.
Using two of the above torque converters, consider the driven shaft as the rear
axles in an automobile. Let the drive shaft be connected to these axles by means of the
torque converter system rather than a differential gear. Then the torque from the drive
shaft is transmitted to the axles. But not all the energy is always transmitted, as discussed
above, since there is also a heat dissipation mechanism involved when the torque reaches
a critical value. In both cases, whether in using a differential gear system or the above
invention, the input torque equals the sum of all outputs. With differential gears, if one
wheel was on slippery ground, it would spin completely while no torque would be
transmitted to the other wheel. This is because the torque transmitted to the two wheels
has to be the same because of the mathematics governing differentials. This can be
avoided with the present idea. In the present case, the torque values need not be equal.
The two wheels can rotate at different speeds, since for both the axles, there is also the
heat mechanism which acts as an output. Thus there is always a two wheel drive,
somewhat equivalent to a positive traction differential, which is much more complex than
an ordinary differential. With two different sources for dissipation, the two wheels can
turn at different speeds, independent of each other, which is needed when the automobile
turns around corners.
The above torque conversion principle enables this idea to be used in place of
differential gears in automobiles or other vehicles. This is very useful since it replaces
complex and heavy machinery with a much simpler device that uses an elastomer. Since
the rotations of the two axles are independent of each other, it is now possible to have a
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wheel move on firm ground, even when the other is stuck in ice or thin mud. This is a
very useful advantage. It is also possible to have variations in the design of the device
used as torque converter. Figure 4.1 is one example. In another case, two rubber belts
could be used rather than one chain and one rubber belt. Other variations could include
the schematics shown in figures 2.6 or 3.5.
4.2.2 Energy Delivery Applications
The basis for efficient energy delivery applications using an elastomer as the
source of power lies in performing the stretching and contraction for the elastomer in
several small steps, thereby minimizing discontinuities and reducing losses.
4.2.2.1 Regenerative Brake Devices
The principle behind a regenerative brake device has been described in detail
before. One of the disadvantages with existing regenerative brake device systems, is that
all of the material is stretched at the same time. This requires a huge force. It also
requires a massive structured system to contain a large mass of elastomer. In the ideas
presented in this work, with the use of pulleys and elastomer in several small steps, this
will not be a problem because only a small amount of material will be stretched at a given
time. Hence the loads required are small by comparison. Another disadvantage with the
existing devices is that they provide non-uniform braking and energy return depending on
the position on the stress-strain curve. The present idea overcomes this disadvantage too,
since it will require a constant torque to turn. Hence there is a uniform braking device and
energy source. The other advantage that these elastomeric energy devices offer is that
unlike electric batteries they can deliver and accept energies at near explosive-like rates.
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A rubber sling shot was first used to power vehicles in high speed crash tests and only
small amounts were needed. Elastomers have also been used to launch aircraft and
gliders. This ability to deliver and accept energies at very high rates leads to the next
application, the elastomer as a mechanical energy battery.
4.2.2.2 Mechanical Energy Batteries
This property of high speed energy delivery enables functions as a motor and as a
starting device for other equipment. Cyclic loading tests performed in the Farris labs on
Spandex showed that these fibers can provide energy of 20J/gm on contracting them from
extensions of 500%. To give an approximate idea, it takes only 100 pounds of this
material to contain the kinetic energy of about a 3200 pound automobile moving at
approximately 60Mph. By sequentially stretching and contracting these fibers in stages,
close to the maximum energy will be obtained on unloading. Equipment like golf carts
and aircraft food and beverage carts can be powered using this energy. Less than a pound
of Spandex would be needed to power a typical aircraft food cart during flight. Steel
springs are currently used to power specialized radios by bending (winding the steel in a
manner similar to that used in windup clocks) the steel and using the energy that is
returned when they are unwound. For the same mass, the energy from stretched spandex
can power the device 8 times as long as steel because the energy density potential is that
much higher in rubber than in the best steels. These mechanical batteries can be charged
by stretching the elastomer manually or using electric motors. This can be done for a golf
cart before proceeding onto the course or in the case of the aircraft food/beverage carts
during the time between flights when the trolleys are loaded with food.
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The rapid energy delivery capacity of these rubber motors make them very useful
for starting devices that require huge power loads. An example is in the starting of diesel
engines. Another example is for starting small gasoline motors such as those used on
lawnmowers. Only a very small fraction of a pound of Spandex would be required for
this type of applications. The Spandex can be slowly wound to charge the system and
then have the energy released rapidly.
Yet another application for the rubber batteries can be as replacement for impact
tools. The high energy delivery can be used for impact hammers/drills and related
applications. The mechanical batteries have no fire hazard associated with them which
makes them an effective replacement in fire sensitive areas where electric devices are not
favored.
4.3 Summary
This chapter summarizes numerous applications for elastomers. Dissipation can
result from elastomers, if there is cyclic discontinuous deformation. Applications as
energy dissipative devices include non-friction brakes, tension controllers, torque
converters and as alternatives to differentials. Some novel features are presented for the
above applications with the use of elastomers as energy dissipative devices, in the manner
presented in this chapter.
If, on the other hand, energy delivery is the goal then dissipation should be
minimized. This can be achieved, as presented in chapter 2, by minimizing
discontinuities in deformation of the elastic strip or belt and by performing the
deformation in as many small stages as possible. Potential energy delivery applications
include regenerative brake devices and mechanical energy batteries. The utility of the
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latter will be as sources for powering devices when rapid energy delivery is required.
Some of the deficiencies and hazards that arise from electrical sources of power can be
overcome with the use of elastomers in energy delivery applications.
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CHAPTER 5
DISCONTINUOUS DEFORMATION OF ELASTOMERS - SUMMARY
5.1 Summary of Conclusions
The work associated with deforming an elastic material is highly dependent on the
manner of deformation. It is conventionally believed that the work required during the
stretching process or the work recovered during the contraction process of an elastic
material depends on the path of the stress-strain curve for the material during the
corresponding stretching or contraction process. This study establishes that in an elastic
material, the above belief is true only during a reversible process of deformation for the
material, when the material is in equilibrium during each stage of the deformation process.
In an non-equilibrium deformation process that involves an irreversibility or discontinuity
in moving from one state to another, the work does not depend on the path of the stress-
strain curve, but instead only on the end-points of deformation. This deformation in
elastic materials, established in this research, is thermodynamically analogous to free
expansion in gases.
A significant implication of the above understanding is that dissipation is possible
even from perfectly elastic materials, this dissipation arising due to the manner of
material deformation and not due to causes like viscoelasticity. This dissipation will
result in heat build-up in the elastomer as well as heat transfer to the surroundings.
Elastomers have a large amount of strain energy potential. If this potential is to be
utilized, then energy dissipation due to associated discontinuities in deformation has to be
minimized. Packaging an elastomer, therefore, becomes a very important issue and it is
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presented in this research that pulley-elastomer strip configurations that involve a large
amount of discontinuities in deformation will not be efficient packages for energy
delivery applications.
5.2 Future Work
Numerous ideas for applications involving elastomers are presented in this study.
Existing utility for energy delivery applications such as regenerative brake devices can be
improved substantially if the principles brought out in this research, i.e. minimization of
discontinuities in deformation can be realized practically. This can be achieved by
performing deformation between any two states in several steps as opposed to a single
step. It is also presented that the simple concept of dissipation due to discontinuous
deformation, while a hindrance to energy delivery applications, can by itself be useful in
certain other applications. Such applications include non-friction brakes, tension
controllers, torque converters and as alternatives to differentials. The use of the
dissipative phenomenon towards these applications is a definite direction in which to
proceed in future.
Heat build-up in rubbers is an often studied problem, such as in heating of
automobile tires or tank treads. In many of these studies, the heat build-up is associated
only with viscoelasticity in the material. This research presents that a large amount of
heat build-up can result in rubbers due to discontinuous deformation. This is an especially
important problem when rubbers are deformed at high speeds, such as automobile tires,
because of the low speed of sound in soft elastomer systems. The findings from this
research can therefore, play an important role in the understanding of the heat build-up
problem in rubbers in a more efficient manner.
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CHAPTER 6
OVERVIEW - ENVIRONMENTAL STRESS CRACKING
6.1 Background
Polymers that are normally ductile can fail in a brittle manner under the combined
effects of external or residual stress and certain surface active agents. This phenomenon
is known as environmental stress crazing or cracking (ESC). Brittle failure can be in the
form of crazes or cracks. Crazes are typically precursors to cracks. When a polymer
crazes, there surfaces are created, much like the walls that are created when cracks form.
The difference between a craze and a crack is that in a craze there are tiny polymer fibrils
that connect the surfaces of the walls. These fibrils can carry load, they undergo plastic
deformation upon further loading and eventually break leading to the formation of cracks.
Common surface active agents that cause ESC include low molecular weight surfactants,
solvents etc. Most of these systems involve the physical effects of interaction between the
polymer and the surface active agent and not necessarily chemical degradation effects.
Although extensively studied over many years, models that can predict ESC given apriori
experimental conditions have been rare. Some of the best results that exist are useful
empirical correlations. These, however, do not completely capture the physics behind the
phenomenon.
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The problem of ESC has been studied for over 50 years. Maxwell and Rahm , for
example, noted that the critical strain for crazing of polystyrene is reduced in the
presence of several organic liquids. Russell
39
noted that absorption of swelling agents
was accelerated by stress. Ziegler and Brown
40
showed that the kinetics of craze initiation
versus applied strain for polystyrene was different in different media. Craze initiation at
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any given strain occurred earlier in an organic environment (vapor as well as liquid) as
compared to air and also crazing occurred at lower strains in the organic environment.
There have been several hypotheses presented over the years to explain the
mechanism of ESC. One such, suggested by Holley, Hopfenberg and others, is that the
diffusion of the agent into the polymer and the subsequent stress induced due to the
process of swelling is responsible for ESC. 41
"45
. There however are enough instances
where ESC occurs even in poor solvents where the solvents hardly swell the bulk
polymer and where swelling gradients appear non-existent. Thus, swelling does not
account for a general mechanism for ESC. One of the objectives of the current research
was to identify the role played by the phenomenon of bulk swelling in the ESC systems
studied in this work. Miller and Visser proposed that solvent crazing of polycarbonate
occurred due to stresses arising from crystallization of the polymer induced by swelling.
While this once again might be a correct phenomenological observation for their systems
studied, crystallization due to swelling is still not a generalized mechanism for ESC. Yet
another argument, as mentioned before, is that chain-scission is responsible for ESC.47
"49
Chain scission is observed in systems that undergo mechano-chemical degradation. ESC
is a phenomenon that involves physical interaction effects and not all systems that exhibit
ESC undergo chemical degradation.
The two major hypotheses for ESC over the years have been surface energy
reduction and plasticization. The surface energy hypothesis
50 51
states that by wetting the
surface of holes in a craze, organic agents reduce the energy of craze formation. The
plasticization hypothesis states that the solvent and vapor agents reduce the glass
transition and thus the yield stress for the glassy polymer near stress concentration points.
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thereby allowing flow processes to occur more readily. A great deal of work in
establishing the plasticization mechanism was performed by Kambour. 52-59 In recent
years, Kefalas60 notes that the effects of surface energy reduction and plasticization both
complement each other rather than being mutually exclusive.
Kambour, in his experiments, uniaxially strained a polymer bar using an elliptical
cam jig. The variation in curvature of the cam along its length produces a strain along the
length of each specimen when it is strapped down to the curved surface of the jig. The
system is then immersed in a solvent for a prescribed period and temperature. Heavy
crazing or cracking was observed in areas under high strain, which became more sparse
with distance along the bar and did not occur in areas of low strain. Kambour then
defined the critical strain to craze or crack as the strain below which crazes or cracks did
not form for the chosen system and set of exposure conditions (time and temperature).
Kambour observed from his experiments, performed over many different polymer-
solvent systems, that the critical strain to craze or crack was least in those systems where
the polymer and the solvent had similar solubility values (characterized for many systems
using the Hildebrand's solubility parameter). This was an interesting correlation which
led to his widely used expression for a uniaxial craze criterion. It was observed in current
research also, from uniaxial studies, that the most aggressive ESC systems were those in
which the polymer and the environmental agent had very similar solubility parameter
values. Mai 61 re-examined the use of solubility parameters to predict critical strains for
ESC and concluded that a good correlation between the Hildebrand's solubility parameter
and the critical strain was observed in certain systems but not in all. He concluded that
for strongly polar and hydrogen-bonding liquids, two-dimensional solubility parameter
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mapping techniques, such as used by Jacques and Wyzgoski,62 might have to be used and
apriori prediction of critical strain from solubility parameters was largely difficult and not
possible for all systems.
A number of authors, over the years, have worked along the lines of Kambour.
Wright and Gotham63 propose a criterion for solvent crazing where they say that crazing
is initiated when the inelastic tensile strain reaches a critical value. The same idea, in
recent years, has been developed by Arnold64 '65 who supports with some of his
experimental data that ESC follows a critical inelastic strain criterion.
A characteristic feature with most of the above work, including that of Kambour,
is that in all of them the effect of stress as a tensor is not considered. They all deal with
the establishment of uniaxial stress or strain criteria. Unfortunately, most applications
apply biaxial or multi-axial stresses to the polymer and these stress states have not been
considered in detail. A quantitative description of the phenomenon of ESC should not
only be able to account for generalized polymer-surface active agent systems, it should
also be able to account for generalized states of stress in the material. Describing the
problem from a uniaxial perspective only accounts for specific scenarios and the required
generalization to capture the overall problem is lost. If stress state does have an effect on
ESC, then this loss could prove crucial. One of the important objectives of the
experiments performed in this research has been to examine the phenomenon of ESC
under multi-axial conditions of stress.
An excellent paper by Gent66 attempts to define the physics governing the
phenomenon of ESC. Gent showed theoretically that a polymer that is exposed to a
specific combination of dilatational stress and liquids or vapors can swell in an unstable
77
fashion. The interesting feature about Gent's argument is that he used a dilatational or
hydrostatic component of stress tensor which takes into account a generalized state of
stress rather than just a uniaxial stress. He uses a modified Flory-Huggins equation to
relate the volume fraction of solvent in the polymer
(<i> s) to the hydrostatic component of
stress (am) in the material (equation 6.1).
ln((|) s) + (1-4>S) + x(l-<|>s)
2
+ (pV,/M
c )[(l-(J) s )
l/3
- (l-y/2] = amV,/RT (6.1)
where:
fys
= volume fraction of solvent in the swollen gel
am = hydrostatic (dilatant) stress in the polymer
X = polymer-solvent interaction parameter
p = density of the polymer
Mc = molecular weight of a network chain molecule
Vi = molar volume of the solvent
R = universal gas constant
T = temperature
X has an enthalpic (Xh) and an entropic (xs ) component and is further defined as,
X = Is + Xh (6.2)
For most systems Xs is considered constant with a value between 0.3 and 0.4. Xh depends
on the nature of interaction between the polymer and the solvent. For non-polar, non-
hydrogen bonding polymer-solvent systems, it is defined in terms of the solubility
parameter values of the polymer (8 P ) and solvent (5 S ), as
Xh-V,[8p-5 S ]
2/RT (6.3)
where Vi, R and T are as defined above.
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The hydrostatic stress in an isotropic material is responsible for volume changes
and is an invariant of the stress tensor. The magnitude of this component is (an/3), where
CTii = an + CT22 + a33 , the sum of the normal stresses in the overall stress tensor. The
overall stress tensor is in effect a sum of the hydrostatic and deviatoric stress tensors. The
deviatoric stress is responsible for the change of shape in the material. Characterizing
failure in terms of the hydrostatic stress as opposed to simply the uniaxial normal stress is
therefore, an extension over the existing theories and one that approaches more towards
the generalized loading problem.
It can be seen from a graphical representation of equation 6.1 (figure 6.1) that for
low values of the interaction parameter x between the polymer and the solvent, that is for
systems where the solvent swells the polymer significantly, even at very low hydrostatic
stresses, a compressive stress is required to prevent swelling. If a surface active agent is
selected that is not fully compatible (increasing % values), a critical hydrostatic stress
emerges below which little swelling occurs and above which the swelling becomes
unbounded. This form of the Flory-Huggins equation has often been used successfully in
studies involving swelling of cross-linked rubbers under stress (Treloar67). Gent
hypothetically extends this concept to explain interaction between a glassy polymer and
solvent in ESC. According to his theory, because of the relationship between am , <j) s and
X, material at surface concentration points, such as flaws, is likely to undergo localized
swelling and hence softening, because of the high local dilatant stress. This results in the
damage that is observed in ESC. Gent's explanation also accounts for the observation that
some of the most potent ESC agents are solvents that do not necessarily swell the
polymer in bulk. The modified Flory-Huggins equation essentially predicts that for any
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polymer-solvent system there appears to exist a constant hydrostatic stress, referred to as
^critical, that is indicative of instability and unbounded swelling. In current research,
experiments were performed under biaxial conditions of stress to examine if a bulk
constant hydrostatic stress to craze or crack exists under commensurate solvent exposure
conditions over various stress states and to examine how this compared with a
predicted from theory.
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Figure 6. 1 - Modified Flory-Huggins equation relating the volume fraction of solvent in
a polymer to the hydrostatic stress in the material and the polymer-solvent interaction
parameter
The effect of polymer morphology is another aspect that is not dealt with
extensively in the theories that describe ESC. An objective of experiments performed in
this research has been to observe the effect of ESC on polymers with their morphology
altered due to orientation. In many applications, the effect of morphology has proven
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significant. Yet comparatively little has been done to examine or model this effect.
Oriented polymers possess large amounts of residual latent energy in them. The effect of
residual latent energy on ESC and the effect of orientation in conjunction with the effect
of multi-axial stress states in the material are examined experimentally.
One of the goals of this research was to develop a predictive model that can be
used to predict ESC, given apriori experimental conditions. In conclusion it must be said
that a model could not be developed as a part of this research, although some modeling
insights have been obtained. On the basis of phenomenological observations it appears
that ESC is caused due to a localized surface flaw induced swelling mechanism.
Probabilistic fracture mechanics that can take into account distribution of surface flaws is
an area of research to pursue in the future, that can help obtain an accurate predictive
model for ESC.
6.2 Objectives and Motivation
The focus of this research was to better understand the phenomenon of ESC. The
polymer studied was polycarbonate and the ESC agents were chosen such that their
solubility parameter values were close to that of polycarbonate. Oleic acid was one of the
chief environmental agents used in this research. A number of different effects were
studied. The effect of residual latent energy in the polymer, bulk mass uptake, swelling
stresses, concentration gradient effects, uniaxial stress and strain correlations,
morphological damage, the effect of multi-axial stress and the effect of polymer
orientation on craze or crack formation were all studied. With an aim towards developing
a generalized predictive model to describe ESC, the validity of using the modified Flory-
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Huggins' equation, as proposed by Gent, was examined. In the end, although a
generalized predictive model could not be developed, modeling insights are presented.
6.3 Dissertation Overview (Chapters 7-9)
This provides an overview of chapters 7 to 9 of this thesis which describe the
research on ESC.
Chapter 7 begins with identifying the systems that were selected to study the
phenomenon of ESC. This research deals with polycarbonate as the polymer chosen and
the basis of selection for the ESC agents for polycarbonate are explained. This chapter
presents results on numerous experimental findings in the systems studied. Polycarbonate
that is stretched beyond its yield point possesses large amounts of residual latent energy.
It was examined if ESC is caused due to effects of residual latent energy alone, in the
absence of residual or external stress. It was examined if the nature of stress, tensile
versus compressive, influences ESC. Gravimetric studies were performed to find out if
bulk swelling is observed in the systems studied. Swelling stress measurements were also
performed to observe if bulk swelling is dependent upon stress. Results are presented in
this chapter on experiments performed to identify the effect of concentration of the
environmental agent on ESC. Uniaxial constant strain rate studies, with polycarbonate
immersed in the stress cracking agent, were performed at extremely low strain rates to
observe the onset of crazes or cracks. The critical strain and critical stress at which the
onset of damage occurred was correlated with the solubility parameters of the system in
study. The surface of the damaged specimens were also characterized morphologically
using the techniques of surface profilometry and Scanning Electron Microscopy (SEM).
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Chapter 8 deals with experiments that were performed to examine the effect of
multi-axial stress state and polymer morphology on the phenomenon of ESC. The
polycarbonate specimen that was examined was in the form of a thin sheet that could be
pressurized using water as the pressurizing medium to form blisters that are in a biaxial
state of stress. The effect of environmental stress cracking agent on such a biaxially
stressed specimen is examined in this chapter. The essential focus of these experiments
was to examine if the hypothesis for crazing as proposed by Gent, i.e. existence of
constant hydrostatic stress, indicative of an instability, was valid. For this purpose the
hydrostatic component of the stress at which cracking occurs was examined for various
states of multi-axial loading, ranging from equibiaxial to various states of non-equibiaxial
loading. The component of the critical stress in a direction perpendicular to that in which
the cracks are formed is also examined for the selected systems studied for multi-axial
loading conditions. The stress magnitude at which cracks form and the direction in which
the cracks form over multi-axial stress states and how that compares to uniaxial loading is
presented in this chapter. The effect of multi-axial stress states was also examined for
polycarbonate sheets whose morphology was altered by orienting them to high degrees of
plastic deformation. The stress magnitudes at which cracks form as well as the direction
in which these cracks form for multi-axial and uniaxial loading conditions and how this
compares with unoriented polycarbonate was examined for the oriented polycarbonate.
Chapter 9 summarizes the important conclusions from the research on ESC and
provides insights as to how the problem can be further studied, particularly with respect
to the modeling aspects. From the phenomenological observations brought out in this
research, it appears that a surface distribution of flaws has a definite influence on the
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damage that is created. Theories of probabilistic fracture mechanics that have the
potential to consider such a flaw distribution en route to describing the phenomenon
might have to be the technique employed to shed light on the phenomenon of ESC. This
chapter concludes this research and provides a starting step in that direction.
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CHAPTER 7
MASS UPTAKE AND UNIAXIAL STUDIES
7.1 Background
As defined before, environmental stress cracking (ESC) is a phenomenon where
polymers, that are normally ductile, fail in a brittle manner under the synergistic effects
of external or residual stresses and certain surface active agents, mostly solvent
environments. Polycarbonate is the polymer that is studied in this research. Literature has
shown that the thermodynamics of the system plays an important role in influencing ESC.
The choice of environmental agents for this work involves a range of solvents with their
solubility parameter values flanking either side of that of polycarbonate. Oleic acid is an
important solvent that is focused on extensively. This is because polycarbonate is often
used in the manufacture of the outer body of cellular telephones. Oleic acid is a
component of facial lotions that causes ESC in polycarbonate that is utilized for such
applications.
This chapter deals with numerous studies on polycarbonate-environmental stress
cracking agent systems. The first of these examines the effect of residual latent energy in
68
polycarbonate. Adams has shown that plastically deformed polycarbonate possesses a
large amount of residual latent energy. One of the first studies performed was to
understand if residual latent energy alone, in the absence of external or residual stress in
the polymer, can cause ESC.
The other initial study that was performed was to examine if compressive stresses
as well as tensile stresses cause ESC.
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Hopfenberg41 and others have shown in literature that the diffusion of the
environmental agent into the polymer and the subsequent stress induced due to the
process of swelling can cause ESC. They suggest that solvent crazing and some forms of
ESC are a simple extension of Case II diffusion42 and ESC happens when sufficiently
large swelling stresses are generated at the boundary between the swollen and unswollen
polymer. Thomas and Windle43 have shown that diffusion of methanol in PMMA follows
Case II diffusion and that the stresses that are developed in sorption-desorption cycles
induce craze damages even in the absence of external or any prior internal stress.
Experimental studies were conducted in this research to examine if bulk swelling of
polycarbonate, by the agents chosen, is observed in the systems studied. Gravimetric
measurements were performed on unloaded polycarbonate exposed to the environmental
agent to measure mass uptake.
Mass uptake studies under lightly loaded conditions of polycarbonate were
performed by measuring swelling stresses induced on exposing the lightly loaded
polycarbonate to the environmental agent. The motivation for this study comes from
experiments performed by Jou. 69 A measure of the swelling stress provides an indication
of whether or not lightly loaded sheets of polycarbonate undergo mass uptake when
exposed to environmental agents. The effect of concentration gradient was also examined
experimentally. This was studied for a polycarbonate-acetone system. The effect of
acetone concentration on polycarbonate as well as the effect of gradually increasing the
concentration of acetone with polycarbonate exposed, were studied.
Uniaxial constant strain rate tests were performed at very low strain rates to
examine the critical strain and critical stress values for polycarbonate to crack when
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exposed to the different environmental agents. The damage that was created due to the
formation of crazes and cracks was examined morphologically using a surface
profilometer and electron microscopy.
Kramer70 did extensive morphological studies pertaining to craze morphology and
microstructure in ESC. He observes that the structure of environment crazes differs in a
number of respects from that of air crazes. There is a very low fibril fraction in solvent
crazes and the fibrils are also coarser than the air crazed fibrils. This could be either
because the finer fibrils rupture early in the craze thickening or because the average fibril
size is large due to altered rheology of plasticized material. Kramer's above work deals
mostly with ESC in polystyrene and not polycarbonate. Kramer has also shown that
molecular weight of the polymer plays an important role in ESC. In low molecular
weight samples, crazes breakdown to form cracks rapidly. Thomas and Israel 71 have
studied the microstructure of crazes in solvent-crazed polycarbonate thin films. They
conclude that these crazes are unlike the crazes observed by microtome of bulk crazed
material. In thin films crazes initially exist as a uniform region of drawn polymer and at
increased strain this uniform region cavitates to form a typical void and fiber structure. In
bulk specimens plastic constraint causes a triaxial state of stress to exist at the growing
craze tip, which promotes the formation of voids. Lagaron et al. 72 have studied SEM for
ESC in polyethylene and they observe voids and pulled-out fibrils in the drawn material
in the presence of a detergent. A sample drawn in air presents a compact fibrillar
structure in the drawing direction. In summary, the above studies seem to show that
crazes formed in ESC will tend to show a morphology very different from air crazes. The
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focus of morphological studies performed in this research was to examine the
morphological details of the damage that is created in the systems studied.
7.2 Materials
Thick tensile bars (ASTM D638 specimen geometry - 1.03mm thick X 3.06mm
wide X 7.62mm gauge length) of polycarbonate were obtained from Motorola, which
purchases its polycarbonate (Lexan) from General Electric Company. Thin sheets of
polycarbonate (0.127mm thick) were purchased from McMaster Carr, which in turn
purchased these sheets from Roland Technology. The solubility parameter of
polycarbonate has been reported in literature to be 9.6(cal/cc)0 5
. Table 7.1 provides a list
and the solubility parameter values of the environmental stress cracking agents that were
studied in this research. The use of three other solvents will briefly be mentioned later.
The solubility parameter values of the agents are close to 9.6(cal/cc)° 5
,
and both greater
and lower in magnitude. These environmental agents were all purchased from standard
chemical suppliers, such as Aldrich.
7.3 Experimental Methods
7.3.1 Residual Latent Energy
Figure 7.1 is a plot from Adams that shows from deformation calorimetry
measurements that polycarbonate when plastically deformed begins to possess large
amounts of residual latent energy. In the experimental studies a polycarbonate tensile bar
(1.45mm thick X 10.1mm wide X 47.5mm gauge length) was plastically deformed to a
draw ratio of 1.5 and then exposed to the environmental agent. As can be seen from
figure 7.1, this corresponds to a residual latent energy in the polymer of about 150mJ (for
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12mm3 of polycarbonate). In this research, this value of 12.5 X 106mJ/m3 corresponds to
a residual latent energy of about 8.8J in the polycarbonate specimens used. The goal of
this experiment was to examine if exposure of polycarbonate with residual latent energy
in it, in the absence of residual or external stress, causes ESC.
Environmental Stress Cracking
Agent
Solubility Parameter
(cal/cc)05
n-heptane 7.4
Oleic acid 7.73
Cyclohexane 8.2
Acetone 9.68
i-propanol 11.5
Propylene glycol 13.7
Methanol 14.5
Table 7.1 Environmental stress cracking agents and their solubility parameter values
7.3.2 Tensile Stress v/s Compressive Stress
When a tensile bar of polycarbonate is flexed mechanically, one side of the bar is
in tension and the other side is in compression. Acetone was squirted on both sides of this
bar to observe if externally applied tension as well as compression can result in ESC.
7.3.3 Gravimetric Mass Uptake
The polycarbonate sheets (0.127mm thick) were used for these experiments. A
fixed mass of polycarbonate (about 50mg) was weighed initially using an OHaus
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weighing balance with a resolution of 0.1 mg and then exposed to a specific
environmental agent for long periods of time. Every 3 hours, the specimen was taken out
of the solvent, wiped clean and weighed to observe if polycarbonate undergoes mass
uptake in the chosen environmental agent.
i.O 1.1 T.2 13 14 15
Extension Ratio (J/l 0 )
Figure 7.1 - Internal energy (AU) of polycarbonate as a function of draw ratio68
7.3.4 Swelling Stress
If a material is linear and isotropic, the one-dimensional strain and stress
relationships take the form:
cr
xx
= E[£
xx
-aAT(x,y,z,t)- /3Ac(x,y,z,t)] (7.1)
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where:
E = Young's modulus
a
xx >
£
xx
= stress and strain components respectively
AT = temperature difference with respect to initial temperature
Ac = concentration difference with respect to the reference dry state
a = thermal expansion coefficient (cm/cm°C)
P = swelling coefficient (cm/cm per unit wt% mass uptake)
Introducing the average property throughout the volume by:
T = — jr(x,y,z,t)dV (7.2)
where: T can be one of exx , <rxx , AT and Ac.
V- volume of sample = (thickness) x (width) x (length)
Hence, the average mass uptake per unit volume can be written as:
Ac(0 =
^
\Ac(x,y,z,t)dV (7.3)
V J
and the total amount of penetrant absorbed by the film is given by:
M,{t)= $Ac(x,y,z,t)dV = VAc(t) (7.4)
Hence, integrating equation 7.1 through the volume yields:
flr« (0 = E[exx (/) - aAT(t) - 0Ac(t)] (7.5)
If the system is maintained at isothermal conditions, equation 7.5 can be simplified as:
GxX {t) = E[s xx {t)-pA~c{t)] (7.6)
The measurement of swelling stress was performed in the following manner. All
measurements were performed at room temperature. A glass chamber was affixed around
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the polycarbonate film (50mm X 5mm X 0.127mm) that is held within grips and
deformed in an Instron 5564 to a light stress (8MPa). The film is held in a deformed state
at a constant strain. The stress in the film is allowed to relax in air for a fixed amount of
time (about 2 hours in the experiments performed). The sample is then exposed to the
environmental agent to be tested. This is done by filling the glass chamber around the
sample with the agent. When the sample is exposed to the solvent, if there is bulk mass
uptake then there will be a decrease in the stress due to the resultant swelling.
The analysis of this experiment can be performed using equation 7.6. Since the
film is constrained at both ends, subtracting yields:
Acr xx (t) = -j3EAc(t) (7.7)
where: Aa xx (t) = cr xx (t)-a xx (0)
The internal stress induced from the diffusion is called the swelling stress. From
equations 7.4 and 7.7 it can be seen that the stress changes are proportional to mass
uptake. Therefore, the measurement of swelling stresses provides a very convenient
technique by which to observe whether or not there is bulk mass uptake in a stressed
specimen of polycarbonate exposed to environmental agents. This behavior was
compared to gravimetric measurements on unoriented polycarbonate.
7.3.5 Uniaxial Constant Strain Rate Studies
Constant strain rate tests were performed on the ASTM D638 tensile bars
immersed in the environmental agent at very low strain rates (10"6/s). The tests were
performed in an Instron 5564. The glass chamber was affixed around the specimen and
the chamber was filled with the agent to be tested. The test was then performed and strain
was monitored using a video extensometer. The specimens were 1.03mm in thickness and
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3.06mm in width. The use of a video extensometer to measure strain was very important
because that prevented contact between the extensometer and the specimen. In ESC
points of contact can act as sites of stress concentration and initiate the formation of
crazes or cracks. That was avoided with the use of a video extensometer. From these
tests, the critical point is defined as the point at which the crazes or cracks are visible to
the naked eye. The critical strain and critical stress values to crack were monitored for the
family of environmental agents studied.
7.3.6 Morphological Characterization
The damage that was induced in the specimens from the uniaxial constant strain
rate studies was characterized using surface profilometry and SEM. Surface profilometry
was performed using a Dektak surface profilometer. This was done in order to observe
whether or not the crazes or cracks that are created in the uniaxial constant strain rate
tests are created on the surface of the polymer. SEM was performed using a JEOL 35CF.
SEM was used to further examine these surface features.
7.4 Results and Discussion
It must be mentioned at the outset that three solvents studied - benzene with 5 =
9.2(cal/cc)°
5
,
cyclohexanone with 8 = 9.9(cal/cc)°
5
and diethyl phthalate with 8 =
10(cal/cc)
0 5 had the effect of gradually dissolving polycarbonate when polycarbonate
was exposed to these solvents. It can be said that what is observed in these systems is
very clearly the effect of chemical degradation. It is not altogether surprising that the
above solvents have such an effect on polycarbonate. This is because their solubility
parameter values are very close to that of polycarbonate. The remaining seven solvents,
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those listed in table 7.1, function as ESC agents. They cause crazes or cracks to form
when polycarbonate is stressed in their presence. The various stress and strain
magnitudes at which ESC occurs depends on the solvent chosen and these will be
discussed from the experimental results that follow. Of these seven solvents, acetone
which has almost the same solubility parameter as polycarbonate, is extremely
aggressive. It was also observed that the effect of acetone on unstressed polycarbonate
was to induce a small amount of solvent induced crystallinity. On adding acetone to
stressed polycarbonate, fracture results at very low stresses. Because of its highly
aggressive response, acetone was used as a solvent in order to perform simple
preliminary tests on polycarbonate.
7.4.1 The Effect of Residual Latent Energy
On exposure of plastically deformed polycarbonate to all of the environmental
agents listed in Table 7.1, no crazing or cracking was observed. This indicates that
residual latent energy alone, in the absence of external or residual stress, does not cause
environmental stress cracking. This is very interesting. It highlights the importance of
stress to cause ESC. Plastically deformed polycarbonate possesses large amounts of
residual latent energy. There is also a large amount of orientation in these specimens.
While residual latent energy in the absence of stress does not cause ESC, the effect of
orientation on the phenomenon is pronounced. The influence of orientation on the
phenomenon of ESC is discussed in more detail in chapter 8.
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7.4.2 The Effect of Tensile and Compressive Stresses
On exposure of polycarbonate that is in tension to acetone, instant cracking is
observed. When a polycarbonate bar is flexed, one side of the bar goes into tension and
the other into compression. On exposure of the portion of the bar that is in compression
to acetone, no crazing or cracking was observed. The only difference between tension
and compression is in the hydrostatic component of the stress. The hydrostatic
component of stress is positive in tension whereas it is negative in compression. The fact
that ESC occurs only under tension and not compression indicates that the sign of the
hydrostatic component has a role to play. It was also observed that the tensile stress could
be external or residual for ESC to occur. A simple experiment was performed by using a
center punch to create a small dent in a piece of polycarbonate. Since residual stress is
created in the process, the portion of the piece that is in tension showed ESC even in the
absence of external stress. The portion of the polycarbonate piece that was in
compression due to the created dent did not show ESC. In various applications polymers
in confined geometries might undergo expansion and contraction due to thermal effects.
This can lead to the development of large residual stresses. The creation of residual
tensile stresses in such a manner can lead to ESC and premature fracture under harsh
environmental conditions.
7.4.3 Gravimetric Mass Uptake Measurements
Figure 7.2 shows mass uptake in the systems studied. Acetone, which makes the
polycarbonate sheet very brittle, was not measured for bulk mass uptake. It is observed
that of all the systems studied methanol results in large bulk mass uptake. These
measurements are made over a total period of 12 hours. There is a very slight amount of
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bulk mass uptake for polycarbonate with most systems (< 1%), but there is a substantial
mass uptake of methanol in polycarbonate (nearly 6%) over the same amount of time. It
must be mentioned here that studies by Thomas and Windle have shown that diffusion of
methanol into PMMA has led to the formation of crazes through sorption-desorption
cycles. However of all the systems studied here, methanol did not appear to be the most
aggressive agent to initiate ESC in polycarbonate, as will be observed from constant
strain rate results.
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Figure 7.2 - Normalized mass uptake from gravimetric measurements for unstressed
polycarbonate in the various environmental stress cracking agents
7.4.4 Swelling Stress Measurements
7.4.4.1 Mass Uptake for Lightly Stressed Polycarbonate
These experiments were performed at stresses well below the stresses at which
instant crack formation is observed on solvent exposure, for the environmental agents
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studied. In these tests, the polycarbonate specimen is deformed till 8MPa and then held at
constant strain to relax in air for about 2 hours. Since 8MPa is a very low value, not much
relaxation is observed in air over 2 hours. At this point, the solvent to be tested is added
and the stress is then monitored on solvent exposure over the next 5 hours. As deduced
from the equations of hygrothermal elasticity (equation 7.7), if mass uptake is observed,
then swelling stresses which are compressive in nature will be induced and the overall
stress will drop. The drop in stress or the swelling stress that is induced will be
proportional to the amount of solvent mass uptake.
Figures 7.3 - 7.8 present results from the experiments for all the solvents. It is
observed from these charts that there is a slight amount of noise in the data. However, it
is clear that the solvent that results in substantial bulk mass uptake and equivalently,
swelling stresses being created, is methanol. This shows that even when polycarbonate i
lightly stressed, methanol is the solvent that results in large bulk mass uptake. This is
consistent with gravimetric measurements on unstressed polycarbonate, which showed a
similar trend. One point to note from the swelling measurements, gravimetric as well as
swelling stress measurements, is that there might be very slight mass uptake for
polycarbonate in all the agents, although not to the extent that is observed with methanol.
Further, not much can be concluded about localized mass uptake from these
measurements, either. Under higher stress, there could be localized mass uptake
occurring on the surface of polycarbonate on exposure to any of the agents and that has
not been accounted for from these measurements.
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Figure 7.3 - Effect of n-heptane addition on lightly stressed polycarbonate
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Figure 7.4 - Effect of oleic acid addition on lightly stressed polycarbonate
7.4.4.2 Concentration Gradient Effects
These tests were performed using the ASTM D638 tensile bars of polycarbonate.
When the polycarbonate specimen is held at high stress (stress well above that at which
cracks are induced for the chosen environmental agent), then on addition of the agent,
cracks get induced almost instantly. This is visible from figure 7.9. Figure 7.9 shows that
on addition of 99.5% acetone to a specimen of highly stressed polycarbonate (about
1 8MPa) there is an instant drop in the stress. This is due to the instant formation of crazes
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Figure 7.5 - Effect of cyclohexane addition on lightly stressed polycarbonate
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Figure 7.6 - Effect of i-propanol addition on lightly stressed polycarbonate
or cracks at these stress magnitudes. Experiments were then performed to understand two
effects. The first was to observe if concentration of the solvent plays a role. The result of
this can be seen from figure 7.10. This test was performed by exposing polycarbonate
that is maintained at about 20MPa to a solution that is 66% acetone. A swelling response
is observed over the time-scale of the experiment performed (0.5 hour) and not an instant
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Figure 7.8 - Effect of methanol addition on lightly stressed polycarbonate
fracture. The swelling response is indicative of mass uptake. The second experiment was
a variation to the above experiment. In this experiment, 66% acetone is added to stressed
polycarbonate and then the concentration of acetone is gradually increased by adding
more and more acetone till the eventual concentration become 98%. This change from
66% to 98% is made over a period of 10 minutes and the 98% acetone is allowed to act
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Figure 7.9 - Relaxation for polycarbonate in air (at stresses greater than that required
for the formation of crazes or cracks in acetone) followed by addition of 99.5% acetone
Addition of 66% acetone causes
j/ swelling and not instant fracture
0 500 1000 1500 2000 2500
Time (sec)
Figure 7.10 - Relaxation for polycarbonate in air (at stresses greater than that required for
the formation of crazes or cracks in 99.5% acetone) followed by addition of 66% acetone
on the stressed polycarbonate for nearly 1 hour. Interestingly, in this experiment (figure
7.11) fracture is never observed and an enhanced swelling response is observed. When
the 98% acetone was later removed and used to expose a fresh specimen of polycarbonate
stressed to about 20MPa, expectedly, instant fracture was observed.
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This indicates that concentration effects do seem to play an important role in ESC.
When highly stressed polycarbonate is exposed to a high concentration of acetone, instant
fracture is induced. However when highly stressed polycarbonate is exposed to acetone,
which is at a lower concentration, instant fracture is not observed. Even on gradually
increasing this concentration of acetone which is now in contact with the highly stressed
Time (sec)
Figure 7.11 - Relaxation of polycarbonate in air (at stresses greater than that required
for the formation of crazes or cracks in 99.5% acetone) followed by addition of 66%
acetone with the concentration of acetone being gradually increased to a final
concentration of 98% acetone
polycarbonate, such that eventually a high concentration of acetone results, fracture still
does not occur. The importance of concentration gradients is brought out from these
interesting qualitative studies involving polycarbonate and acetone.
A possible explanation for the above interesting behavior arises if a flaw induced
mechanism can be envisaged to explain ESC, as was also suggested by Gent in his
theories on crazing. The flaw induced mechanism assumes that there are surface flaws on
the polymer which are sites of stress concentration. When the polymer is stressed, then
these surface flaws experience greater stress. Consequently, when the polymer is stressed
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in the presence of an environmental agent crazes or cracks that are formed will initiate
from these surface (laws. In the case of polycarbonate and 98% acetone, cracking results
instantly, initiating from the surface Haws that act as sites for crack onset. However, if
66% acetone is not strong enough to result in an instant fracture, then it is possible that
the solvent might blunt some of these surface Haws, by swelling. As a result, the effect of
surface Haws to act as sites of stress concentration will be reduced and so even on
increasing the concentration of acetone to 98%, fracture does not result. This is what is
experimentally observed. An extension to the above argument would also be to say that
any solvent that does not cause ESC in polycarbonate, such as water, can also be used to
blunt the surface Haws in stressed polycarbonate such that on subsequent addition of a
more aggressive cracking agent, ESC would still not result.
7.4.5 Uniaxial Constant Strain Rate Studies
f igure 7.12 shows that the stress-strain curves for polycarbonate in the various
environments deviate significantly from the stress-strain curve in air. It must be
mentioned that polycarbonate draws in air to more than 100% ultimate strain, although
that is not shown in this plot. The aim of these studies was to observe the critical point,
which is defined in this study as the point of visible onset of crazes or cracks, and
correlate it to the ESC systems that cause them. It must be mentioned that no correlation
was observed between the critical point and the deviation point on the stress-strain curve
for polycarbonate tested in a particular solvent. Table 7.2 provides a summary of the
critical stress and critical strain values that were measured for the various systems
studied. Figures 7.13 and 7.14 indicate how the critical strain and critical stress values,
respectively, vary for the different systems studied. It can be observed that the solvents
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that have their solubility parameter values closest to that of polycarbonate are the most
aggressive and have the lower critical values. This trend would be expected, from the
numerous studies, such as by Kambour, that have been published in literature.
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Figure 7.12 - Stress-strain curve for polycarbonate in air and other environments
From the uniaxial constant strain rate studies (table 7.2), it appears that methanol
is the least aggressive of these solvents in terms of craze or crack initiation. This was
alluded to earlier. Results from bulk mass uptake measurements clearly showed that
polycarbonate showed significantly greater amounts of mass uptake with methanol than
with any other solvent. From uniaxial constant strain rate tests, though, methanol is not
observed to be as aggressive as some of the other agents in initiating fracture. A possible
explanation for this could be the fact that large amounts of mass uptake might once again
result in a blunting of surface flaws, thereby reducing their stress concentration effect.
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This would then make methanol less potent than the other solvents under uniaxial loading
conditions, which is what is observed. Another argument that can explain the late onset of
crazes or cracks in methanol is the following. When methanol swells polycarbonate in a
Environmental
Agent
Difference in
Solubility
Parameter with
Polycarbonate
(cal/cc)05
Critical
Strain to
Crack (%)
Critical Stress
to Crack
(MPa)
Comments
Acetone 0.08
Sample turns extremely
brittle and fractures at very
low stresses
Cyclohexane 1.4 1.45 28.75
Oleic acid 1.87 1.7 32.53
i-propanol 1.9 45.5
Critical strain could not be
measured very accurately
n-heptane 2.2 1.35 28
Propylene glycol 4.1 4.8 50.45
Methanol 4.9
Ridge like crazes/cracks
are formed that also
coincide with the
occurrence of plastic
deformation in the sample,
making accurate critical
stress and critical strain
measurements difficult
Table 7.2 - Results from uniaxial constant strain rate tests
transient manner, then even when there is no external load, the skin of the sample goes
into axial compression while the inner part is in axial tension. Then when externally
stressed as in the uniaxial constant strain rate test, the skin which is where the crazes or
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cracks occur (as measured using surface protllometry), will not be at the stress measured
on the Instron. So even if the stress measured in the Instron is suffleien.lv high, the stress
experienced by the skin of the specimen may no. be as high, which also offers an
explanation for the late onset of damage in the uniaxial constant strain rate test for
polycarbonate with methanol.
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Figure 7.13- Critical strain to crack, from uniaxial constant strain rate tests, as a
function of difference between solubility parameter value for polycarbonate and
environmental stress cracking agent
7.4.6 Morphological Characterization
7.4.6.1 Surface Profilometry
The objective of these studies was to observe if the damage that is created in the
samples from uniaxial constant strain rate studies in the form of crazes or cracks, is
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Figure 7.14 - Critical stress to crack, from uniaxial constant strain rate tests, as a
function of difference between solubility parameter value for polycarbonate and
environmental stress cracking agent
actually created on the surface of the specimens. Figures 7.15 - 7.18 show the surface
profile for polycarbonate that undergoes ESC under four different environments - oleic
acid, cyclohexane, propylene glycol and methanol. It is observed from all the four charts
that cracks are indeed formed on the surface. These measurements were made on the
existing crazes or cracks on the surface of the uniaxially stressed specimen taken to
fracture in the chosen environment. It is observed that in cyclohexane, the crazes or
cracks that form are sharp and fracture almost as soon as they initiate. On the other hand,
deep and wide ridges are formed with methanol. This shows that even after the onset of
damage, in the case of methanol, the specimen is still stretched and the damage grows
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further with the stretch. The erazes or eraeks in the case of methanol support load, grow
with it and result in the formation of deep and wide ridges. The damage in cyclohexane
does not support load.
7.4.6.2 SEM
The SEM images for an oleic acid cracked specimen of polycarbonate can be seen
in figure 7.19. Some very interesting features can be observed. At the outset, the images
do not show any evidence of the existence of fibrils. In other words, the damage appears
to be due to the formation of micro-cracks on the surface of polycarbonate and not due to
crazes. In the literature, it has been shown that the morphology of solvent induced crazes
are very different from air crazes. But what is apparent from the above pictures is that
crazes do not appear to exist at all. The cracks are formed in the direction perpendicular
to the uniaxial loading direction. Figure 7.20 provides a schematic of the side-view of the
surface of the cracks. This schematic indicates how the SEM pictures show that there
exist no fibrils between the walls of the cracks.
It appears on examining these images further that they possibly result due to
localized plastic yielding on the surface of polycarbonate. Going back to the theory of a
flaw induced mechanism, if flaws on the surface of polycarbonate experience greater
stress than in the rest of bulk polycarbonate when stressed, then on exposure to an
environmental agent there might be an increased mass uptake of the solvent locally at
these sites. That would then result in a localized plasticization and a reduction in the glass
transition temperature of polycarbonate at these sites, enabling yielding to occur more
easily. A localized yielding at these flaw sites is what possibly results in the formation of
craze-like features, which actually are micro-cracks.
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Figure 7.15 - Surface profile of an oleic acid cracked specimen of polycarbonate
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Figure 7.16 - Surface profile of a cyelohcxane cracked specimen of polycarbonate
Another feature associated with these micro-cracks is that they are very shallow in
depth. Consequently capturing them in SEM was very difficult, especially compared to
optical microscopy. In order to obtain a higher magnification, field emission SHM
(IFSFM) was used, figure 7.2] provides I I SI M images of the oleic acid cracked
surface of polycarbonate. These images also do not show any evidence of fibrils and
actually show the existence of cavities on the surface of polycarbonate. SEM images of
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Surface (micron)
Figure 7.18 - Surface profile of a methanol cracked specimen of polycarbonate
cyclohexane cracked specimens (figure 7.22) also show similar features as the oleic acid
cracked specimen. There is no evidence of fibrils or crazes and the images appear to
reflect the formation of micro-cracks, presumably due to localized plastic yielding,
figure 7.23 shows an SIIM image from a methanol damaged specimen. It shows the
formation of wide ridges rather than the sharper cracks that are observed from
cyclohexane damaged specimens.
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Figure 7. 1 9 - SEM images of oleic acid cracked specimen of polycarbonate
Side view of the surface
Surface
of the
specimen
Edges of the crazes/cracks
with no fibrils in between
Loading
direction
Figure 7.20 - Schematic of damaged surface when viewed from the side
7.5 Summary
A number of useful experimental findings are demonstrated in this chapter. It is
observed that residual latent energy alone in the absence of stress does not cause ESC.
Also ESC appears to result only due to the synergistic effects of solvent exposure and
tensile stresses and not compressive stresses. It was observed that polycarbonate showed
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maximum mass uptake on exposure to methanol. The amount of bulk swelling by a
solvent was not observed to correlate to the potency of the solvent from uniaxial constant
strain rate studies. It was also shown from a polycarbonate-acetone study that the
concentration of the solvent can determine whether or not ESC might occur.
Interestingly, while a sudden addition of highly concentrated acetone causes ESC in
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Figure 7.21 - Field Emission SEM images of the oleic acid cracked specimen of
polycarbonate
polycarbonate, a transition from relatively less concentrated acetone to a high
concentration did not cause ESC. This indicates that concentration gradients seem to play
a role as well. Uniaxial constant strain tests indicated that the critical strain and critical
stress to crack are least for those systems where the polymer and the solvent have very
similar solubility parameter values. On morphological examination, it was interesting to
note that although damage was formed on the surface, craze formation is not observed.
The damage in ESC appears to be a localized plastic yielding that could result in the
formation of micro-cracks and not crazes. There is also evidence from experimental
findings in this chapter that ESC might be a surface flaw induced phenomenon and that a
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Figure 7.23 - SEM image of a methanol cracked specimen of polycarbonate
blunting of these surface flaws might delay or in some cases even prevent the occurrence
ofESC.
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CHAPTER 8
THE EFFECT OF STRESS STATE AND POLYMER MORPHOLOGY
8.1 Background
One of the goals of this research in trying to understand the phei
environmental stress cracking (ESC) was to be able to account for generalized stales of
stress. As mentioned before, the models that describe ESC are mostly empirical in nature
and deal mostly with uniaxial stress or uniaxial strain criteria.
Gent
,
in the hypothetical mechanism that he proposes for liSC, considers the
role played by the hydrostatic component of stress, which is a definite extension beyond
simply the use of uniaxial stress. To provide a summary of the theory that governs this
hypothetical mechanism, which has been described in more detail in chapter 5, (lent uses
a modified form of the Flory-I Iuggins equation. This equation predicts that for a specific
choice of polymer-solvent system which determines the x value for the system, a constant
hydrostatic stress am appears to exist beyond which there is an extensive swelling of the
polymer by the solvent. The advantage of this description is that if experimentally a
constant hydrostatic stress indicative of instability is indeed observed over varying stales
of stress, then the use of the Flory-I Iuggins equation provides a governing equation thai
considers generalized loading conditions and can be used towards the development of a
generalized predictive model.
Among other authors who report studies of ESC under multi-axial states of stress,
Kawagoe and co-authors in their studies involving PMMA report that ESC is observed
not only under tensile stress but also under compressive and shear stresses.
73-74
This is
interesting since ESC has mostly been reported only under conditions of tensile stress.
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They consider diffusion to be the mechanism in their systems. They have also tried to
develop a criterion for ESC, modeled over multi-axial stress states, for a PMMA-
kerosene system. 75 It is brought out that neither the critical-stress-bias criterion for
crazing as proposed by Sternstein and Ongchin,76 nor the critical-strain criterion for
crazing as proposed by Oxborough and Bowden77 explain their ESC results. By
considering pressure changes due to the effect of the environmental agent and Tg
depression, Kawagoe and Kitagawa develop a criterion that shows a reasonable match
with their experimental results. A noticeable feature about the model, though, is that it
does not take into account thermodynamics of the system undergoing ESC. The results
from chapter 7 as well as numerous studies by Kambour and other authors have clearly
shown that the choice of a particular system, which can be defined in terms of
thermodynamic parameters such as the solubility parameter, definitely affects the onset of
ESC depending on the extent to which the polymer and the environmental agent interact
with each other. There is no provision in the model developed by Kawagoe and co-
authors to account for such interaction, given the system parameters apriori. Yet another
feature about the model is that beyond the PMMA-kerosene system, it has not been tested
for other systems, which would be required in order to generalize the model. The work by
Kawagoe and co-authors, however, is a study that did take into account generalized stress
conditions in order to develop a predictive model for ESC, although with shortcomings.
The focus of experimental results presented in this chapter is 2-fold. First the
effect of stress state is examined. Gent's use of the modified Flory-Huggins equation to
describe ESC leads to the prediction that a constant hydrostatic stress exists for a chosen
polymer-solvent system, beyond which an instability occurs. Biaxial blister tests were
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performed in this research to understand if such a constant hydrostatic stress that can be
related to the formation of solvent induced cracks experimentally exists, over varying
states of biaxial stress. The system studied was a polycarbonate-oleic acid system. In
conventional fracture mechanics, it has been established that the stress normal to the
direction in which the cracks propagate determines fracture. Therefore, in the
experimental studies performed over various stress states, apart from the hydrostatic
component of the stress, the stress component in the direction perpendicular to the
direction of cracks was also examined.
The second effect examined is polymer morphology. In a number of practical
end-use applications of a polymer, the material can be expected to possess a large amount
of residual orientation due to the effects of processing. The morphology of oriented
polycarbonate will be very different from that of unoriented polycarbonate. In chapter 7 it
was shown that plastically deformed oriented polycarbonate possesses residual latent
energy. Residual latent energy in the absence of stress was shown to not induce ESC. In
this chapter experiments are performed to examine the effect of polycarbonate orientation
on the formation of cracks under conditions of stress and exposure to oleic acid. The
influence of oriented polycarbonate on the direction of cracks as well as the stress
magnitudes at which the cracks are formed are presented over varying states of stress,
ranging from uniaxial to non-equibiaxial and equibiaxial.
8.2 Materials
The polycarbonate sheets (0.127mm thick), which in the conditions purchased are
unoriented, are used for the studies presented in this chapter. Oleic acid is the solvent
used as the ESC agent for the experiments described in this chapter. To recall,
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polycarbonate has a solubility parameter of 9.6(cal/cc)° 5 and oleie acid has a solubility
parameter of 7.73(cal/cc)° 5
.
8.2.1 Oriented Polycarbonate
In order to obtain oriented polycarbonate, polycarbonate sheets (105mm x 215mm
x 0.127mm) were oriented by drawing using Instron 5564 equipped with an
environmental chamber. The temperature of drawing was maintained at 143°C, very
close to the glass transition temperature of polycarbonate, which is 150°C. The induced
orientation was quantified by measuring the birefringence and then calculating the
Herman's orientation function. If An is the experimentally measured birefringence of
polycarbonate and An0 is the maximum birefringence of polycarbonate (reported in
literature), then the Herman's orientation function "f for the polycarbonate sheets
oriented in this study is defined as,
f=An/An0 (8.1)
8.3 Experimental Methods
8.3.1 Biaxial Stress Setup
Figure 8.1 shows a schematic of the biaxial testing apparatus. The polycarbonate
film is placed between a base and a steel template containing a circular or elliptical hole.
A rubber layer that functions as a seal is placed between the polymer film and the steel
template. Water is pumped through a small hole in the base using a Cole Parmer 7553-70
peristaltic pump, forcing the film to deform as a blister. The hydrostatic pressure exerted
by the water places the portion of the film away from the boundary in a biaxial state of
stress. The pressure in the liquid is measured with a pressure transducer. The voltage
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output to the pump head is calibrated and used to measure the water flowrate. A National
Instruments data acquisition system provides excitation and signal conditioning for the
pressure transducer. Lab VIEW software is employed to acquire the pressure and
flowrate signals into a personal computer.
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Figure 8.1 - Schematic of biaxial stress setup
1 and 2 are defined as the two principal axes. An equibiaxial stress state with
principal stresses of the same magnitude (gi = G2) is created by using a template with a
circular hole (15.2cm diameter). Non-equibiaxial stress states are created by using
templates with elliptical holes. Under non-equibiaxial loading, 1 is the direction of minor
axis of the ellipse and 2 is the direction of the major axis of the ellipse. From
calculations, it will also be observed that 1 is the direction of the major principal stress
and 2 is the direction of the minor principal stress. Three non-equibiaxial stress states are
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studied in this work by using templates with elliptical holes that have major to minor axes
as 15.2cm x 10.2cm, 15.2cm x 7.6cm and 15.2cm x 5.1cm respectively. The above three
non-equibiaxial stress states are referred to herein as 1.5:1, 2:1 and 3:1 and the
equibiaxial stress state as 1:1.
The stress and strain values are calculated from the pressure and flowrate data
using the equations in Appendix. The film is assumed to be a membrane with no in-plane
rigidity and membrane analysis is performed to calculate the expressions for stress and
strain from pressure and volume data. When the circular template is used, an equibiaxial
state of stress is created with stress and strain magnitudes in the 1 and 2 directions being
the same. However, for the non-equibiaxial stress state, the ratio of strain in the 1-
direction, which is the direction of the minor axis of the elliptical template to the strain i
the 2-direction, which is the direction of the major axis of the elliptical template
approximately the square of the ratio of the major to minor axis of the ellipse. For
example for the 2:1 state of loading, the ratio 8] to e2 , where 8j is the strain component in
the i-direction, is approximately equal to 4 to 1 and for the 3:1 state of loading, the
corresponding ratio is approximately 9 to 1 . The ratio of principal stresses between the 1
and 2 directions depends on the Poisson's ratio of polycarbonate and these equations
have been presented in detail in Appendix.
8.3.2 ESC Tests
ESC tests were performed in the following manner. The polycarbonate film was
biaxially pressurized using one of the above templates and held at a fixed volume for 10
minutes during which time the pressure or equivalently, the stress, in the film was
allowed to relax. After 10 minutes, when the pressure attains a constant value, 2 drops
n
IS
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(~0.5ml) of oleic add were added on the biaxially stressed portion on the blister, using a
pipette. The surface of the film was then monitored for the onset of crazes or cracks for a
fixed amount of time, the cho,ce of which will be discussed in the next section. The
image of the damage pattern on the polycarbonate surface was captured under cross-
polarizers using an optical microscope. If extensive damage was observed, then the
experiment was repeated on a fresh sample at a lower pressure. In this manner, the
experiments were performed at various stress levels over different stress states. For the
uniaxial tests, the strip of polycarbonate (50mm x 5mm x 0.127mm) to be tested was
stretched in an Instron 5564 with the glass container affixed around the specimen and
maintained at a constant strain, during which time the stress in the polymer was allowed
to relax. After 10 minutes of stress relaxation, oleic acid was added to the container and
the surface monitored for the onset of cracks.
Oriented polycarbonate was also examined in a similar manner, like the
unoriented polycarbonate, under equibiaxial test conditions, non-equibiaxial (2:1) test
conditions and uniaxial test conditions. In the 2:1 case, the stress was examined for three
different loadings - i.e. with the film orientation perpendicular to the major principal
stress, film orientation parallel to the major principal stress and film orientation at 45° to
both the principal axes.
8.4 Results and Discussion
8.4.1 Orientation Measurement
The orientation function for a material is related to the extent of its stretch or
draw. In this study, the orientation function for the polycarbonate sheets that were drawn
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Figure 8.2 - Birefringence of polycarbonate as a function of draw ratio
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Figure 8.3 - Herman's orientation function for the polycarbonate sheets that were
oriented, as a function of draw ratio
was calculated using birefringence. The unoriented polycarbonate did not show any
birefringence. Figure 8.2 shows that birefringence increases with an increase in the
material draw ratio, which is indicative of increased orientation. The maximum
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birefringence of polycarbonate drawn at 151 °r h«c ud ni l has been reported to be 0.04 78 This
number is a theoretica, maximum and so can fe^ ^^ _^^^
oriental function for the poiycarbonate sheets that were oriented in «, work (figure
8.3). With the assumption that poiycarbonate
,s esse„,ia„y amorphous and does no,
crystahize significantly on orienting, i, will be reas0„ab|e ^^ ^ ^
birefringence and the Herman's orientation function prov.de a measure of the amorphous
theoretical maximum orientation.
8.4.2 The Effect of Stress State on ESC for Unoriented Polycarbonate
Figures 8.4, 8.5 and 8.6 are the stress-strain curves for polycarbonate deformed
under the three different states of biaxial loading under a constant volumetric loading rate
of 20.4ml/min. Ftgure 8.4 is a plot for equtbiaxial loading. In equtbiaxial loading, the
stress and strain values in the 1 and 2 directions will be the same. Figure 8.5 is a stress-
strain curve for non-equibiaxial loading with the 2:1 elliptical template. The stress and
strain values both in the 1 and 2 directions are shown. Figure 8.6 is a stress-strain curve
for non-equibiaxial loading with the 3:1 elliptical template. It is seen from figures 8.5 and
8.6 that direction 1 which is in the minor axis of the ellipse is the direction of the major
principal stress and direction 2 which is in the major axis of the ellipse is the direction of
the minor principal stress.
From ESC experiments that were performed it became apparent very early on that
kinetics plays an important role. Even at very low stress values, in the stress range of the
experiments performed, cracks were always observed to form on solvent exposure, if
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provided sufficient time. It was found experimentally that at a hydrostatic stress of about
8MPa under equibiaxial stress conditions, cracks started to form after nearly 20hours of
exposure to oleic acid. At higher stress the onset time for crack formation was reduced
and the evolution of damage occurred at a higher rate. Also for a constant time of
exposure to solvent, the cracks that formed at high stresses showed very different patterns
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Figure 8.4 - Stress-strain curve for polycarbonate under equibiaxial loading at a constant
volumetric flow rate of 20.4ml/min
from those formed at low stresses. At high stresses, a large ensemble of cracks quickly
form, unlike at low stress levels where only few cracks form. This transition from a high-
ensemble state at a high stress to an isolated state at a low stress happens at a transition
stress level.
In this work, the crack patterns are quantified in terms of this transition stress. The
transition stress, in this study, is defined as the stress above which a large ensemble of
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cracks is formed and below which isolated cracks are formed, for 5 minutes of solvent
exposure. The focus of these studies was to observe if, for commensurate exposure
conditions over varying states of stress, a constant value for the hydrostatic component of
the transition stress may be observed and if that can be correlated to Gent's hypothesis.
The above component will hereon be referred to as the hydrostatic transition stress. The
component of the transition stress in the direction perpendicular to the direction in which
cracks form, which will hereon be referred to as the normal transition stress, will also be
compared over varying states of stress. It must be mentioned that the experiments were
not performed in order to identify if a critical stress exists below which cracks do not
form. This was due to the very low values of stress and very long exposure times that
would be required for these studies. In fact, the theoretical predictions from Gent's
equations for a critical hydrostatic stress, the stress indicative of unstable swelling, for the
polycarbonate-oleic acid system, is about 5.01MPa. While nothing can be said about the
existence or the magnitude of such a critical hydrostatic stress from the experiments
performed, these results explain if a constant hydrostatic or normal stress might exist over
various stress states for identical solvent exposure conditions.
Figure 8.7 shows optical micrographs of 3 different crack patterns for an
equibiaxially stressed specimen. Figure 8.7(a) is at a high hydrostatic stress of 25MPa,
8.7(b) is at a low stress of 20MPa and 8.7(c) is at an intermediate stress of 21.5MPa,
which is close to the transition stress. The transition from a high-ensemble state to an
isolated state can be observed from these images. The crack patterns are indicative of a
flaw induced mechanism. It is observed from the optical micrographs that at a high stress
magnitude, a high-ensemble state of cracks is observed whereas at a low stress
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magnitude, an isolated state of craeks is observed. If there are flaws on the surface of
polycarbonate, then these surface flaws could experience greater stress than in the rest of
the bulk polycarbonate. As a result these flaws will act as the sites from where the cracks
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Figure 8.5 - Stress-strain curve for polycarbonate under non-equibiaxial 2:1 (ratio of
major to minor axis of elliptical template) loading at a constant volumetric flow rate of
20.4ml/min
get initiated. Under greater stress more of these flaws get activated and so there will be
more onset points for crack initiation. This results in the high-ensemble pattern of cracks
that is observed. At low stresses fewer of these flaws are activated and so there are fewer
onset points for the cracks. That results in the isolated state of crack patterns that is
observed. An important feature to observe under conditions of equibiaxial stress on
unoriented polycarbonate is that the cracks that are formed are random and in all
directions. The cracks show no directional preference.
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Figure 8.6 - Stress-strain curve for polycarbonate under non-equibiaxial 3:1
(ratio of major to minor axis of elliptical template) loading at a constant
volumetric flow rate of 20.4ml/min
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Figure 8.7 - Optical micrographs of an equibiaxially stressed specimen of polycarbonate;
(a) is at a high hydrostatic stress of 25MPa, (b) is at a low hydrostatic stress of 20MPa
and (c) is at a hydrostatic stress of 21.5MPa which is close to the transition stress
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Figure 8.8(a) shows an image of the damage pattern for a 2:1 biaxially stressed
specimen. For the non-equibiaxial tests, the minor axis of the elliptical template which is
the direction of the major principal stress is the horizontal direction in the figure. As can
be seen, the cracks are clearly formed in the vertical direction. A similar pattern is also
observed in figures 8.8(b) and 8.8(c) winch are for specimens that are also non-
equibiaxially stressed. These are for the 1.5:1 and 3:1 stressed specimens respectively,
with the major principal stress in all cases in the horizontal direction. The stress in all
three cases is greater than the transition stress. In contrast to equibiaxial loading, where
the cracks are formed in random directions, for non-equibiaxial loading, the cracks are
always formed in a direction perpendicular to the major principal stress. This is not
altogether surprising, since even during uniaxial loading, cracks always form
perpendicular to the loading direction. For non-equibiaxial loading, the cracks are formed
perpendicular to the larger load, which is the major principal stress. This is what is
observed.
Having identified that a non-equibiaxial state of stress influences the direction of
cracks, the focus then was to examine the magnitudes of the transition stress. Figure 8.9
compares the magnitude of the hydrostatic transition stress for the various states of stress.
It can be seen that a constant value for the hydrostatic transition stress is not observed
over various stress states. It appears that in moving from an equibiaxial state of stress to
states that are non-equibiaxial a lower hydrostatic stress is required to cause equivalent
crack damage. In fact, the lowest hydrostatic stress is for uniaxial loading. Gent in his
work discusses the possible existence of a constant critical hydrostatic stress to explain
ESC. As mentioned before, although not much can be said about the existence of a
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Figure 8.8 - Optical micrographs of a non-equibiaxially stressed specimen of
polycarbonate. All images have been taken at stresses greater than the transition stress
(a) 2:1 loading, (b) 1.5:1 loading and (c) 3:1 loading
critical hydrostatic stress from the above experimental results, it is rather clear, however,
that it is not possible to define the crack patterns from the experiments studied in terms of
a single constant hydrostatic stress over many different states of stress. The hydrostatic
transition stress seems to be dependent on the state of stress.
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various
Figure 8.10 compares the magnitude of the normal transition stress for the
states of stress. Interestingly, the normal transition stress does not vary significantly over
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Figure 8.9 - Hydrostatic transition stress as a function of stress state
the various stress states. 30MPa appears to be the approximate normal transition stress
over the different stress states. This observation is also supportive of a flaw induced
mechanism. In conventional fracture mechanics, where surface flaws influence cracking
behavior, the normal stress is the critical parameter that defines crack onset. In the ESC
studies performed over various stress states, once again it seems that the normal stress is
the determining parameter. When a flaw experiences greater stress than the rest of the
bulk polycarbonate, there could be an enhanced uptake of the solvent locally at the flaw
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site. That would then depress the T8 of the material at these sites, reduee the local yield
stress and result m localized yielding which is macroscopically observed as the onset of
ESC. The modified Flory-Huggins expression that relates the solvent uptake in the
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Figure 8.10- Normal transition stress as a function of stress state
polymer to the hydrostatic stress could well be hidden within these flaws.
Macroscopically it is a constant normal stress that appears to determine the onset of ESC
under the experimental conditions studied.
Finally, the trend in the transition stress values was also compared with what was
brought out by Kawagoe and Kitagawa in their work on PMMA-kerosene. That work
involved developing a model on the basis of results obtained from multi-axial conditions
of testing as well. Figure 8.11 shows a plot of the crazing locus and the model for the
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Figure 8.11 - Biaxial crazing data obtained for a PMMA-Kerosene system by
Kawagoe and Kitagawa on a a,-a2 plot, solid curves (a) and (b) are calculated from
the model developed in that work
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Figure 8.12 - Biaxial cracking locus for the polycarbonate-oleic acid system obtained
from this study
Kawagoe-Kitagawa system, in terms of the 2 principal stresses, <3\ and (72 • The
experimental conditions used in that study were far more elaborate than the conditions
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used in current work, sinee that study also considered experiments that were performed
over conditions of shear. In contrast, on a a,-a2 plot, the experiments performed in this
study will correspond only to the first quadrant. The cracking profile for the
polycarbonate-oleic acid experiments performed in this study is shown in figure 8.12.
This should be two straight lines, one parallel to either axis, for a normal stress
dominated fracture. It will be important to note that studies performed by Kawagoe and
Kitagawa indicated the existence of a critical stress for crazing for the PMMA-kerosene
system. That was not examined for in current research for the polycarbonate-oleic acid
system. The Kawagoe-Kitagawa model also does not consider thermodynamics of the
system to play a role, which as has been repeatedly shown, is not the case. Hence,
differences between the experimental findings of this research and the Kawagoe-
Kitagawa model are not unexpected.
8.4.3 ESC in Oriented Polycarbonate
Figure 8.13 shows an optical micrograph of the damage pattern formed under
equibiaxial stress for oriented polycarbonate, at a stress greater than the transition stress.
As mentioned before, the samples of polycarbonate have been oriented to about 55 - 70%
of their theoretical maximum. The cracks are formed in the direction parallel to the film
orientation. This is in contrast to figure 8.7(a), where an unoriented polycarbonate film
under conditions of equibiaxial stress undergoes cracking randomly and in all directions.
Figure 8.14 shows the damage patterns for a 2:1 non-equibiaxially stressed specimen of
polycarbonate. Figure 8.14(a) is with the orientation of the film in a direction
perpendicular to the major principal stress. The cracks are formed in the direction parallel
to the film orientation, which also is the direction perpendicular to the major principal
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stress. An interesting observation eomes from figure 8.14(b), where the film is tested with
the film orientation parallel to the major principal stress. In this case, it is observed that
the cracks are formed in the direction which is parallel to the orientation direction, but
which is not perpendicular to the major principal stress. It is, therefore, observed that the
cracks tend to orient in the direction parallel to the film orientation and not necessarily in
the direction perpendicular to the major principal stress. This was confirmed by
examining oriented specimens with the orientation at 45° to both the principal axes.
Although the image is slightly blurred, figure 8.14(c) shows that the cracks once again
are formed in the direction parallel to the film orientation.
An examination of the magnitude of the associated transition stress shows that
cracking is favored in oriented polycarbonate over unoriented polycarbonate. Figures
1mm
All images taken after 5
minutes of solvent exposure
a
Orientation Direction
Equibiaxial Stress State
CJl = <J2
Figure 8.13 - Optical micrograph of an equibiaxially stressed specimen of oriented
polycarbonate at a stress greater than the transition stress.
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8.15
- 8.17 show that the hydrostatic transition stress is reduced for oriented
polycarbonate, in comparison to unoriented polycarbonate, under all stress states studied
-
equibiaxial, 2:1 non-equibiaxial and uniaxial. Figures 8.18 - 8.20 show a similar trend
for the normal transition stress. It is very evident from the above observations and results
that not only do changes in polymer morphology, as induced by orientation, play a
definite role in inducing crack formation in a particular direction, orientation also lowers
the required stresses at which these cracks form. Very interestingly from figures 8.18 -
8.20, it appears that for oriented polycarbonate, over all stress states, the normal
transition stress values are similar in magnitude. The same cannot be said of the
hydrostatic transition stress, from figures 8.15-8.17.
An explanation for the above finding is offered. On orientation, polycarbonate is
no longer isotropic and the properties in the direction parallel to film orientation and
perpendicular to the film orientation differ. With a greater alignment of chains in the
direction parallel to film orientation, it can be expected that it will be easier for a crack to
propagate parallel to the films than in a direction perpendicular to the films. If flaws can
be expected to induce the formation of cracks in the presence of oleic acid, then it can be
expected that the limiting condition for the formation of cracks would be the normal
stress perpendicular to the orientation direction. Once this component of stress reaches a
certain value, ESC would occur. The experimental observation that the normal transition
stress seems to be constant is evidence for the above argument. The fact that this value is
lower than the normal transition stress for unoriented polycarbonate from figure 8.10
indicates that the film properties are changing. The resistance for crack propagation in the
direction parallel to the film orientation is reduced. Uniaxial testing of oriented
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Orientation Direction
(a) 1mm
All images taken after 5
(c)
Figure 8.14 - Optical micrographs of non-equibiaxially stressed (2:1 Elliptical
template) specimens of polycarbonate, at stresses greater than the transition stress, (a)
is with orientation of the film perpendicular to the major principal stress, (b) is with
film orientation parallel to the major principal stress and (c) is with orientation at 45°
to both the principal axes.
polycarbonate leads to a very interesting finding. It is seen from figure 8.20 that when the
film is tested uniaxially with orientation of the film perpendicular to the loading
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direction, the cracking resistance is reduced. However, when the film is tested with the
film orientation parallel to the direction of loading, ESC is suppressed. This indicates that
by a favorable coupling of loading conditions and orientation of the film, cracking can be
suppressed. This observation is also consistent with the understanding that the resistance
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Figure 8.15 - Comparison of the hydrostatic transition stress between unoriented
and oriented polycarbonate for equibiaxial loading
for crack propagation in oriented polycarbonate is not the same in the direction parallel
and perpendicular to the orientation direction. The above result shows that even at very
high normal stresses, it is very difficult to create a crack perpendicular to the direction of
film orientation, whereas much lower normal stresses are required to create cracks
parallel to film orientation.
The consequence of tests on oriented polycarbonate is that the effect of polymer
morphology on ESC is shown to be very significant. Polymers in their end use possess
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large amounts of residual orientation due to processing and fabrieation effects. The above
studies indicate that the resistance to ESC of such oriented polycarbonate due to the
altered morphology that they possess can be very different from that of oriented
polycarbonate. Not only are cracks always induced in a direction parallel to the Him
orientation, they are always formed at lower stresses compared to unoriented
polycarbonate. Development of an accurate generalized predictive model for ESC will
have to be able to account for these morphological aspects.
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Figure 8.16 - Comparison of the hydrostatic transition stress between unoriented and
oriented polycarbonate for 2:1 (elliptical template) non-equibiaxial loading
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Figure 8.17 - Comparison of the hydrostatic transition stress between unoriented
and oriented polycarbonate for uniaxial loading
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Figure 8.18 - Comparison of the normal transition stress between unoriented and
oriented polycarbonate for equibiaxial loading
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Figure 8.19 - Comparison of the normal transition stress between unoriented and
oriented polycarbonate for 2:1 (elliptical template) non-equibiaxial loading
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Figure 8.20 - Comparison of the normal transition stress between unoriented and
oriented polycarbonate for uniaxial loading
8.5 Summary
The effect of stress state on ESC of a polycarbonate-oleic acid system is studied.
It is observed that under large stresses, a high-ensemble state of cracks is obtained
whereas at low stresses an isolated state of cracks is obtained. This seems indicative of a
flaw induced mechanism. The cracks form under equibiaxial stress states in random
directions. Under non-equibiaxial states of stress, the cracks are formed perpendicular to
the major principal stress. It is observed that under commensurate exposure conditions, a
constant hydrostatic stress is not observed for the resultant damage from experiments
performed over varying states of stress. Instead, the stress component normal to the
direction of cracks appears to be constant. This adds further evidence to a flaw induced
mechanism.
I4l
The effect of polymer orientation is very significant. It is observed that the
morphological changes in the polymer indnced due to orientation no, only result in the
cracks always forming parallel to the film orientation, but the cracks also form a, much
lower stresses compared to unoriented polycarbonate. It once again appears that the stress
component normal to the film orientation seems to have a constant va.ue over the various
stress states. Very interestingly, when oriented polycarbonate is loaded uniaxially with
the film orientation parallel to the loading direction, ESC does not result.
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CHAPTER 9
ENVIRONMENTAL STRESS CRACKING - SUMMARY AND FUTURE WORK
9.1 Summary from Experimental Studies
Interesting phenomenologlcal findings result from a variety of experiments. It is
observed that residual latent energy in the absence of stress does not cause ESC. It also
appears that tensile stresses are required and compressive stresses do not cause ESC.
Large amounts of bulk mass uptake (>2%) of solvent in the polymer is not required,
however, concentration and concentration gradients of the environmental agents seem to
influence the phenomenon. Very interestingly, the damage that results is not craze
formation, but instead seem like micro-cracks that could be the result of localized
yielding in the polymer.
Experiments performed to study the effect of stress state show strong evidences
towards a flaw induced mechanism in ESC. The optical micrographs are indicative of
damage that could be governed by a distribution of flaws on the surface of the polymer. It
is also observed from experiments performed over various stress states that while the
hydrostatic component of stress, as predicted from Gent's hypothetical mechanism, is not
constant for equivalent damage, the stress component normal to the direction of cracks
appears to be. Orientation in the polymer significantly influences the phenomenon. Not
only are cracks always formed parallel to the film orientation, they are also formed at
much lower stresses than for unoriented polycarbonate.
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9.2 Modeling Insights and Future Work
The experimental findings are strongly indicative of a Haw induced mechani
explain ESC in polycarbonate. ESC does not appear to be a deterministic phenom
but instead appears to be a stochastic phenomenon that will strongly be influenced by
surface flaw distribution. Therefore, in order to accurately predict a generalized mode, for
ESC, not only would knowledge of generalized polymer-solvent interaction and
generalized loading be required, knowledge of surface distribution of Haws wi.l also be
required. Probabilistic fracture mechanics is a direction in which to proceed in order to be
able to understand some of these concepts further.
Reliability analysis is a branch of study that has served several industries to
provide a rational treatment of uncertainties. 79 Classical reliability theory was developed
to predict such quantities as the expected life, or the expected failure rate, or the expected
time between breakdowns of mechanical and electronic systems, given some test or
failure data for the system and its components. This can then be used to answer questions
such as to what the probability to failure for various components are, what the design life
will be, will an improvement in design be economical and the like. Structural engineering,
electronics and aerospace are some of the areas in which reliability analysis is used
extensively. The underlying probabilistic nature of the problems is similar in many of
these cases although differences exist in the eventual analysis. Insights are provided in
this chapter from the area of structural reliability analysis and the manner in which some
of these concepts can be extended towards developing a model for ESC.
Structural reliability theory deals with a rational treatment of uncertainties in
structural engineering, towards improving the safety and serviceability of structures.
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Most loads and structural design parameters are rarely known with certainty and should
be regarded as random variables or stochastic processes. Deterministic solutions with
large factors of safety almost lead to absolute safety, but in the process they employ close
to infinite resources. If some risk of unacceptable structural performance can be tolerated,
and ifthis can be built into the design codes, a more realistic solution that is not only high
in safety but one that is also economic, can be attained. The main object of such a
structural design will be to ensure an acceptable level of probability.
Suitable probabilistic models should be developed to represent the uncertaint.es
that exist in typical basic variables. Two basic variables in structural reliability analysis
are load and resistance. Load can by nature be time varying and include contributions
from snow, wind etc. Examples of resistance variables include dynamic yield stress of the
material used, strength etc. To draw an analogy to the ESC problem two variables thai
interplay with each other to control BSC response will be a distribution of surface Haws
on the polymer leading to stress concentration at the Haws and inherent material
properties or behavior. Selection of probabilistic models for basic random variables
involves two aspects choice of suitable probability distributions with which to
characterize the physical uncertainty in each case and the choice of appropriate values for
the parameters of those distributions. In order to do the above task effectively, it will be
useful to know about statistical theory of extremes.
The statistical theory of extremes or the theory of extreme value distributions
plays an important role in such analysis, for example, with time-varying loads, the
analyst is interested in the likely value of the greatest load during the life of the structure.
To be more precise, the probability distribution of the greatest load is desired. In the \iSC
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problem for example, it could be seen that with increasing load the number of surface
flaws that are activated to function as crack onset sites is increased. If there is a critical
number of flaws that need to be activated to cause a specified extent of damage, then
knowledge of the least load or stress that activates this critical number of flaws will be
important. In other words, a probability distribution for the minimum stress or load will
be desirable. The theory of extremes will help achieve this objective. Supposing that a
random variable
,
represents the minimal (or maximal) values of another random
variable % in a series of several independent trials, then the theory of extreme value
distributions proposes a distribution for n. This will be important in the ESC problem
because it will provide a probability distribution for the lowest stress, which in turn will
be determined by the distribution and stress concentration effect of the surface flaws, that
causes a specified amount of damage in the system studied. The specified amount of
damage can result from a requirement of the problem on hand - for instance in some
cases it can be the onset for a crack, in some other cases it could be a certain crack
density (number/area) etc. The theory of extreme value distributions is basically a tool
that can be used to obtain a useful probability distribution to characterize a random
variable. There are four frequently used extreme value distributions which are referred to
as Types I, II, III and IV, respectively. 80 The type III minima distribution is often known
as the 3-parameter Weibull distribution and has frequently been used for the treatment of
fatigue and fracture problems. Sometimes physical reasoning about the nature of each
particular random variable can be used to guide the choice of distribution. Some limiting
cases for a probability distribution are the normal (Gaussian) distribution, the logarithmic
normal distribution, the rectangular, beta, gamma and t-distributions etc. Having selected
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a type of distribution for the random variables on hand, the next task will be to estimate
suitable numerical values for the parameters of these distributions using available data.
There are several techniques for parameter estimation at the end of which mode,
verification is done to complete the process of distribution selection for the chosen
random variables. To recall, load and resistance are the two random variables being
discussed for the case of structural reliability analysis.
In order to understand the probability of failure for a structural application, the
following example is presented. Let the ultimate strength R in some specified mode of
failure for a material be expressed in terms of the distribution function FR . Let the load
effect S also be a random variable with a distribution function F s . Then under the
condition that R and S are statistically independent and under the conditions that R and S
have the same dimensions (eg. flexural strength and bending moments respectively), the
total probability of failure Pf can be expressed as the product of probabilities of two
independent events, summed over all possible occurrences, I
+CO
i.e. P f = P(R- S < 0) = jFR (x)fs (x)dx (9.1)
00
The two independent probabilities are P, = fs(x)dx, the probability that S lies in the range
x, x + dx [note: fs(x) is the probability density function and is different from Fs(x)] and
P2 = FR(x), the probability that R is less than or equal to x. Under these conditions the
reliability, & is the probability that the structure will survive when the load is applied
and will be equal to 1 - P f. The interesting feature associated with the above analysis in
structural engineering is that the probability for failure can be estimated if accurate
probability density functions can be used to describe two different random variables,
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Development of a model to predict failure due to ESC can draw on the above
principles from structural reliability analysis. ESC has been observed to be a
phenomenon that is influenced significantly by a number of random variables. Chief
among these are the inherent polymer properties or response and a surface distribution of
Haws, which will result in stress concentration effects at the Haws. The material
properties as well as stress concentration due to Haws can further be influenced by other
random variables like polymer-solvent interaction and kinetic factors like time. These
should be incorporated to generalize the problem further, as well. The use of a technique
such as reliability analysis, as discussed above, provides a handle with which to approach
the problem. If accurate probability density functions can be used to describe the random
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variables, using experimental data and tools such as extreme value distributions, then
reliability analysis provides a method by which the synergistic effects of the rand,,,,,
variables can be understood. The model can be built with ,he aim of satisfying desired
ESC resistance behavior using appropriate probability limits. The kcy t0 this approach
will lie in the determination of suitable probability density functions to describe the
chosen random variables and in coupling them effectively.
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APPENDIX
CALCULATIONS OF STRESS AND STRAIN UNDER BIAXIAL LOADING
Polycarbonate sheets (0.127mm thick) are stressed biaxially using the biaxial
blister setup (figure 8.1). Since the sheets are not thick, it is assumed that there i
plane bending rigidity and the equations from membrane analysis are utilized to calculate
the stress and strain values in the two principal directions.
s no in
Equibiaxial State of Stress
> Blister surface
Surface
The circular template was used to create an equibiaxial state of stress in the
polycarbonate sheets. The stress and strain will be the same in the 1 and 2 directions,
since the state of stress is equibiaxial. The blister will have a radius of curvature R, given
as:
where:
a = radius of circular template
h = height of the blister
The height of the blister is related to the volume in the blister by the expression:
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where:
V = volume of the blister
and h and a are as defined.
Experimentally, the volume within the blister is measured since the volume of water tha,
is used to pressurize is known and this can be used to obtain the value of h, for any given
value of V. The equation for the stress for a spherical membrane can then be calculated
as:
_pR
°~
2t (A.3)
where:
p = pressure inside the blister, which is measured using transducer
R = radius of curvature calculated from equation A.l
t = thickness of polycarbonate sheet
Equation A.3 reduces to:
CT
_
P(a
2
+h 2 )
4th
(A.4)
The expression for strain can be calculated from geometry of the setup as
2aha'+lr .
6 = sin
2ah 2 i 2a + h
(A.5)
Under equibiaxial state of stress the hydrostatic stress be will be a =— and the stress
3
normal to the direction of in-plane crack will always be a.
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Non-equibiaxial State of Stress
The elliptical template is used to obtain a non-equibiaxial state of stress. The
calculations for stress and strain become more complicated under these conditions. As
defined before, 1 is the direction of the minor axis of the elliptical template and 2 is the
direction of the major axis of the elliptical template. There will be two different radii of
curvature for the blister in the planes that contain the minor and major axes respectively
of the elliptical template, R, in the plane containing axis 1 and R2 in the plane containing
axis 2. If a and b are the semi-minor and
respectively, then on calculation:
semi-major axes of the elliptical template
Plane of the blister that contains the minor
axis of the elliptical template
Direction
Plane of the blister that contains the major
axis of the elliptical template
Direction 2
2
, 1.
2
R
a" + h
~2h
(A.6)
b 2 +h 2
2h
(A.7)
where
h = height of the blister
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The expressions for strain can be calculated from geometry as
e, =
a
2
+h
2ah
sin
2ah
a" + h
-1 (A.8)
£ 7 =
b 2 +h
2bh
sin
2bh
b
2
+h 2
-1 (A.9)
By assuming that at any height h5 the cross-section of the blister in the plane parallel to
the elliptical template is an ellipse, the expression relating the height to the volume of the
blister is calculated to be:
V =
f f ^
(a " + hz^ b2 + hzXh - z)
2 dz (A. 10)
From a numerical integration of the above expression, the value of h can be calculated for
different values of V, the experimentally measured volume. Therefore, the expression for
Si and s2 can be calculated at any value of h or equivalently, any value of V. Equilibr
equation for the ellipsoid blister gives:
mm
+
R, R
P
t
(A.ll)
where
CTj and g2 = stresses in the 1 and 2 directions respectively
p = pressure inside the blister, measured using transducer
t = thickness of polycarbonate sheet
In 2-dimensions, for an isotropic material, the constitutive equations relating the stress
and strain values in the two directions, in terms of the material properties are given as.
1
,
>
E
(A.12)
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2 -g(°2 ~ VO",) (A. 13)
where:
E
- Young's modulus for polycarbonate
v
-
Poisson's ratio for polycarbonate (assumed to be 0.4 for calculation)
Finally, utilizing the knowledge of 8] and e2 from volume (equivalent.y height)
measurements, equations A.ll, A. 12 and A. 13, the expressions for stress can be derived
to be,
o, =
e, + vs,
L(e
1
R
2 +8 2R | ) + v(e
I
R 1+ 8 2R 1 )
pR.R,
(A. 14)
a
2
-
e, + ve
_(e,R
2 +e 2 R | ) + v(8 l R 1 +£ 2R 2 )
pR.R,
(A. 15)
The stress and strain values in the 1 and 2 directions can, therefore, be calculated for non-
equibiaxial loading conditions. The hydrostatic stress for this case would be (a, + a2 )/3.
The stress normal to the direction in which the cracks are formed can also be determined
from the directions in which the cracks are formed and then using the Mohr's circle. In
order to calculate the stress and strain values for oriented polycarbonate, the assumption
that the modulus is constant in the direction of film orientation and in the direction
perpendicular to the orientation was made. From uniaxial stress-strain measurements of
oriented polycarbonate in the two directions using Instron, this assumption was seen to be
reasonably accurate. That facilitated the use of equations A. 12 and A. 13 for stress and
strain calculations, even though those equations describe only the constitutive behavior of
an isotropic material.
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Useful Simplification
On using a Taylors series expansion for the sin 1 function, the following
interesting relationships can be derived for the case of non-equibiaxial loading:
e, fbV
(A. 16)
+ v
o
1 + v
fu\ 2 (A. 17)
This indicates that the ratio of the principal strains in the 2-directions is the square of the
reciprocal axes and the ratios of principal stresses can be expressed in terms of this ratio
and the Poisson's ratio for the material.
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